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INTRODUCTION

In the realm of education, computers may be used in a

variety of ways. Basically they are used for'infoimation

storage and retrieval, course mandgement, test

administration and computeraided instruction (CAI). the

use which has been considered the most centroversial is

CAI. CAI shall be defined here as a process by which

tten 'and visual inforMation is prese-1 in a.logical

sequence to a student by a computer (Fu el, 1980).

Barriers to CAT

In the past it was predicted that computers would

become a.major part of the educational process (Luskin,

1972; Carnegie Commission, 1977). Current studies have

shown, however, that the usg of computers ( specially for

CAI) is increasing, but it has not yet becom widely

accepted (CONDUIT, 1978; Chambers and bprech 0).

Basically therethave beeKt technalogical and educational

barriers to' the 'success of CAI in higher education. Namely,

these barriers are affordability.of hardware (computers and

equipment), availability of good software, and lack of
SQ

f ulty interest and training. As a result, efforts are now

being directed at eliminating these barriers.
\



In the Past, hardware has been unaffordable for pany

institutions (CONDUIT, 1'578), therefore it na6 not'been

acquired, much less utilized for CAI. High'costs are mainly

attributable to mainframe (time-share) computers.

Researbhers in the field now predict that educational

computing is rapidly moving toward the use of inexpensive

picrocomputers (personal comPilters) (Bork, 197,8; Chambers

and Bork, 1980; Chambers and Sprecher, 1980).'The cost of a

tomputer, disk drive and monitor (video display) ranges

between $1,000 - $2,000.today, and is rapidlY declining.

Bork (1981) predicts that the cost of compute'rs will

continue to decline, and hasurrently been dropping by f*,

ry year. He.attributes this to/incre0-4ng technological

skill and mass production of comPonentL. .aditional

instruct1ona,1 costs, such as that of.boc and teachers;

have increased at a rate of li% per year between 1977 and

1980 (Chambers and Sprecher, 1980). As a result of tlie

lbwer costsfor microcoTput rs, an increasing number of
/

institutiOns' may be apt try CAI ori an experimental

basis.

Microcomputers are also advantageous in terms of size

and speed. The Microcomputer'fits on a desk top and may bp

easily transported from office to classrOom.or laboraP)ry.

The user may choose the type of learning conditions

desired. Mlcrocomputers also eliminlate time-sharing,

down-time, passwords. and slow graphics display all due to

the number of users on iliRinframe systems. Many'

2
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micodompUters have high resolifti n color monitors, text

editing arid Some- rmit voice input andoutput. One

disadvantage of microcomputers at this point is their small

storage &opacity, however better forms of mass stdrage are

becoming available.

One of 1-ie problems associated wiih CAI software has

been 'cost of development; AccOrding,to Chambers and

Sprecher (1980), about 50 500 hours of preparation time

are needed for one hour of CAI user contact time on the

computer..Lac,k f,author source's Ls also limiting, because

CAI authors mus2t be knOwledgeable in the subject matter,

the principles of teaching, and computer programming, in

order to.produce educationally worthwhile. material. This

creates the nemasity for'software production by teams,

thus increasing the investment' of human labor into its

production.
,

Software availability is also affP ' by lack of good

material and lack of L good CAI languag. ..ich can be

transported (translated to another langu e&or for other

syatems). Only.a few sources. of CAI material are available.

In the early 1970's the 'universities of North Carolina,
,

Oregon, Darkmouth, Iowa and Texas formed a consortium

(CONDUIT) to acquire, evaluate and distributeinstructional°.

.computing,software (Chambers and Sprecher, 100) CONDUIT,

is presently converting existing software for mainframes,"
to forms. that may be used orNticrocomputers, as well as

seeking new material. However, it is felt that the

.3
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conversion of existtng programs from other systems) may not

take full advantage of the Unique:capabilities of

microcomputers (Spainy 1979). AlfredBork is also producing

both microcomputer and mainframe CAI material at the

University of California at Irvine.

The final block to CAI success has been the attitude

a.nd backgrOund of educators. A prevailing attitude oh many

aampuses has been intolerance of CAI, skepticism about its

usefulness and hostility-about 'its intrusion into the

cutrricuium (Mdsmanni: 1980). Many.CAI developers have

attempted to replaCe traditional teaching methods (lecture

'. etc.) with CA: For tbiS reason, Luehrmann (1978) lent so

'far as tO say.that.IAI will not he successful in schools

because it threatens teachers. This may be true of some

types of CAI, however, the huma element in teaching has

rri found to 14a.kA major role in CAI success (BUnderson,

198r). Tnerefore the foous has been pl.,! on the need for
#

teachers to be trained in compuier use, at least in CAI '

implementation. Hopefully CAI can be developed to the poin't.

where administrator, faculty and student fears 'can be

oyercome: F9r, in addition to technologick advance, only

involv.ement and belief by educators can ensure that CAI is

used to its full power (Bork, 1901).

Types of CAI

$1.

Of the limited CAI software that has been developed

LI

t
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t.
and implemented so far, there ari two major categories:

adjunct and priMary (Chambers and Sprecher, 1980. Adjunct

CAI is considered to d'e that which supplements the learning

situation; t.he programs are used to suppOrt or illuStrate

concepts and generally take onehxlf hour to run. Brimary

CA,I'programs are usually lengthier.and are developed fo'r

standalone use, or as a-substitute for other modes of

instruction. I -

Under these categories there are sevettal formats or

types of CAI programs. Those CAI types,which are.the most

common are drill and practice, tests, games, phorial and

simulation. Drill and practice programs basically present

problems and provide teedback. They are advantageous in

they can repeat problems, present Nblems based 16 .

previous answers and keep records. Thi. pe.of drill may ,

be tedious for a teacher, as the studen a need for

,practiCe may excel the teacher's time and/or patience.-The

use of CAI for testing is limited mainly to adjunct use.

Test questions are stored in theNcomputer, to be randomly..*

generated for each individual student: Tests can be graded

and scores recorded and summarized for the'teacher. CAI

games are commonly used in elementary schools to introduce

children to computers, and may improve students' attitudes

toward the subject area. Tutorial programd present basic

information, then lead the user to discoveries by means of

strategic questions. This type of CAI is'ipteractive and

essentially consists of a dialog between the comPuter

5
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(specifically the iirogrammei') and the learner.' Finally,

there are CAI simulations, which attempt to subStitute for

and/or supplement experiehces and interactions with a given

.phenomendn.

Of .b,\'r typestof CAI- discussed above,,tutorials.and

simulations are the two types of CAI that come closest to
P

real l ife,learning experiences. CAI programs,oah provide a

type of indiTect experience, and experience is believed to

enhance leatning pork, 1'980a). Also, many educaors agree,

that the student/tubor r'elationship is the optimal teachi'k't

and learVng situation (Mkenzie et al., 1978; Tsai and

Pohl, 1980; Bunderson; 1981).. This is based on the fact

that such situations are personalized for the fndividual,

as are many CAI programs. Jut as a tutor would_dd, CAI

. -

tutorials and simulations put the initiative in'the hands(

of the student, and they ar0=capab1e of giving reasonably

flexible responses (MOKenzie, et al., 1978).

--*mputer simulations may serve as a powerful tool in

s-clence education, especially in the laboratory.. It may not

always be practical or,pdsslble fdr students tr3 interact

.with real phenomena in an attempt to 1 CAI Simulations

Lmplify an experience or phenome-on by ...eans of a

representatl,ve model, in order to make it accessil?le to the

student's perceptions and un:dersta0ing. If spaccei time,

site or complexity are limiting, they can be alterea in

such a way that a simulation may be better for teaching

purposes than the real thinL '(Da1e, 1946). Simulations do

6



nog takb the place.of experience, but unlike most other

modes of'instruCton besides experience, thy may help -

create student insight (Able, 1980; Bork, 1,98I.; Petrakos,

1981).

Principles of Learning

41.

*9

/
' In Order.to create educ/ational medis.which are

eff.ective teaching instruments, educatfonal technologists

should follow a general.learning theory upon which they can.-

a

model their innovations. For the purpose of this report,

the folloKing quotation presented by Eisele (1980) serve

as a good description of the P-Fticesses which a student must

through to learn:

The core problem in a science of inruction is
the process by which the individual student learns.
Instrumentation has potential4Cor each step.in the
process. The learner is exposed to some material
or stimuli; he must interact with that material in
some active fashion as writing, talking, thinking
or reasoning and the adequacy of the interaction
mu:It in some way be evaluated and reinforced.

What,I would like to stress here are the ways in which CAI

can afnect and improve learning. With this in mind I will

focus on what I feel to be the key words in the quotation

above: interact, active and reinforce.

Most psychologists ,R.gree that active learning is

superior po passive learriing (Bork, 1981). That is,

students do not learn merely by looking, they learn by

7
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becoming involved (Dean, 1946)..CAI is capable ,of

stimulating this type of'active involvement which aids

learning (McKenzie et al., 1978; Spain, 1979, Bork, 19801?).

.Dean (1946) believes that various insDructpnal materials

differ primarily, in the degree of sensory experience they

are able to provide.oThe more sienses'the .student'employs,

the better may be the rearning,experience. These reasbns

form the foundation for the belief that CAI can be superior

to printed material in eseablishing more effective

learning.

CAI versus Textbooks

There are several N'operties of CAiI which distinguish

APt'from printed makerial in terms of facilitating active

learning. In the reading of textbooks tile process is .

commonly one of passively letting the textbook information
Pt

"flow" intb the individual (Bork, 1980a), that is, the

material, is not seriously thought about. A's a tutor/student

dialogue t,A created with CAI, the student can be induced to

think.

/ CAI prOgrammers attempt to actively involve st4nts

in learning by presenting frequent questions throughout CAI

programs. The student can not pass by questions in CAI. and

(s)he is provided with immediate feedback. Psychblogists

agree that the best feedback occurs immediately after the

event,'to.immediately reihforce learning anii increase its

8



effectiveness (Chambers and Sprecher, 0; Bork, 1981).

Th'e student's active involvement,with CAI' can also be

*
reinforced by the immediate visual display of graphics;

this is true mostly bf microcomputere. This strategy'has

been'termed interactive computer graphics (ICC) by McKeil.gie

et,al. (1978). As the stu1ent.interactsr4ith the bomputer (

terminal, graphical feedback is provided as a consequenbe

of the interaction, such as when using CAI simula,tionoL

Many researchers believe that'this visual immediacy,of.

graphics enhances.instruction, thus aiding the learning

process (McKenzie et al., 1978; Heck et al., 1981). Books

and CAI,both allow information to be replicated accdrately,

but only CAI can replicate interactions accurotely with

true feedback (Bunderson, 1981).

Bork (1977)Jeels that visual presentation of material

is often superior to verbal presentation, This may be

related to the hypothesized learning strategy of mental ,

imagery. If people generate mental images of the material

they are learning, as suggested by Rigney and.Munro (1981),

graphics-may aid them in establishing this mental image.

The use of mental imagery is con4idered to have positive

effects on the acquisition or prOcessing of information. It

is true that f)rinted illustrations may also aid this

strategy, but i id the animation and student manipulation

offered by'CAI which may make its illustrations superior in

this respect. Also, CAI graphics may be,used to cUe the

student on specific points by using strategic delays, or by

9



flashing or moving things on the screen. There is no other

medium which can offer this ype of graphical dis'play'

combined with user,interactio.n. Finally, unlike printed

material, CAI i'las no visual limiteions..information'can be_

presented in a visually appealing manner,using different

print styles, letter sizes, colors and'spacing without

additional tost.

Computer graphics are also believed to be highly

motivational (Bork, 1980b, 1981). The topics which lend

theMseles to ICG are typical.ly those'which are difficult

to teach (Spain, 1979). In addition, such topics are
.

.

presumably diffi.pult tor students to comprehend. In suet) s

cases, Bork (1980b) s;ies

motivation needed to help students stay'with the d ficult

Aparts. Not only are graphics considered to providc

motivation, but in genral, CAI has the capabflity of

creatihg Student interest, thus motivating students to

learn (Bc--1:, )981; Bunderson, 1981).

:Plnally, CAI can facilitate learniAg at higher levels

than can normally be accomplished with Printed material.

The recall of knowledge and the development of intellectual

abilities and skills are considered cognitive functions

(Ahmann and (flock, 1981). In the cognitive realm there are

basically six hierarchical levels of performande (from

simple to complex): knowledge, comprehension; application

analysls, synthesis and evaluation (Bloo.m, 195 ). CAI is-
.

believed to have the ability to instill learning at the

10
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laigher:levels (Spain, 1979) by'improvihg .problem. analysis,

organization (Petrekos, 1981) and insight .(Bork, 1980b),

among other things.

The point'heing made here is not.that CAI should

replace printed media in education, but that CAI can be a

valuable tool just as book'S.have proven to be. The fact,

[74,

that print media usage build§ on hundreds of years of'

deV'elopment 'and traditions (Bunderson, 1981) create:. the

necesaity for CAI developers to substantiate the fact that

CAI can be the equal of books ih terms of learning. It Vs a

common belief thatiCAI alone is not a complete learning ,
. .

experience (Elder, 1975; McKenzie et al.; 1978, Bork,

1981). In facts no media-is_condidered to offer a.complete

learning'experience when used alone. This attitude was

expressed long ago by Dean (1946) when he stated that "the

more numerous and varied the media we employ, the richer

and more secure will be the concepts we develop." This .

posture has also Veen taken more recently by Bork (1981).

He feels that an environment truly resRonsive to students

must have a variety of materials and techniques for

learning. In light of this, any attempts made here to prove

superiority of dAI over prihted media, are done so only to

establish the merit of.CAI ind clariTy its potential role

relative to other forms of media in education.

11
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Past Research

Most research in the field, up to the present, has

dealt with primary CAI and its comparison to the

traditional teaching method of lecture. Very little work

has been doneeconcerning the comparison of books and CAI,

especially adjunct CAI. The most significant projects

involved in devel9ping and evaluating CAI material for

higher education are TICCIT (Time-shared Interactive

Computer Controlled Television) and PLATO (Program Logic

for dutomatic Teaching Operations).

,The TICCIT project was developed at Brgham Young

nnivevsity; CAI materials were developed based on concept

and rule learning (Bunderdon, 1981). TICCIT involved'

primary CAI English and mathematics cotfr .that were

taught at fhoenix and Alexandria Communi',,, Colleges. An

evaluation of TICCIT was c.onducted by Donald Alderman of

theEducational Testing Service (ETS); it contrasted the

TICCIT courses With the same courses taught using regular

c'lassroom lectures. Chambers and Sprecher (1980) report

that the mathematics course evaluation showed significant

achievement effect of,TICCIT over the regular classroom.

However, fewer students completed the former than the

latter course proportionally. Student attitudes towards

TICCIT were less favorable than towards the regular

lectures in the mathematics course, and did not differ in

the English course. Achievement favored the TICCIT approach

12
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in English also, and the course completion rate was the

same for'both teaching methods. When reviewing these

results it is important to note that the Eng h TICCIT

prograwincluded.much more personal interaction between

students and faculty than did the mathematics course

(Chambers and Sprecher, 1.980). Also, TICCIT allows limited

uge of video (BOrk, 1981) which means reduced ICG.

The PLATO project was proposed by Donald Bitzer at the

University of Illinois. It is a large mainframe educational

system, however; since 1973 microcomputers have also been

used (Bork, 1981). PLATO uses the CAI },anguage, Tutor,

which has full graphics capabilities. Donald Alderman of

FTS algo evaluated the use of PLATO in five fields in five

community colleges as either a supplem woo, or

replacement of, regular classroom instr. ,ion. In no cases .

were PLATO programs used in lieu of an entire course.

Chambers and Sprechee (1980) reportedthe ETS, findings;.

basically, a significant increase in student achievement

favored PLATO in mathematics, but not in accounting,

biology, chemistry ar English. Overall, students, attitudes

toward PLATO-type materials did improve.

In a smaller scale study, Brown and Ellinger

substantiated the ideathat CAI is capable df inducing

higher learning. An evaluation of a CAI spacial marketing

package for Geology students was given to one group and

traditional methods were usqd on another group. Posttests

revealed a signin.cant difference in' learning between the

13



,

'two groups at the relationship and problem solving levels

(CAI'doing better), and*no significant difference at the

definitions level.
r
-

Most other studies based on the comparison,of CAT...and-

traditional methods have yielded somewhat-COnsisient

results in terms of learning-differences (Chambers and

Sprecher, 1980). BasiCally, the use of CAI either improved

learning on showed no difference when compared to
.)5

traditIonal methods (Paden et al., 1977; Deignan,and

Duncan, 1978; Magidson, 1978; Spllttgeber, 1979). These

studies, among others, also revealed that the use of CAI
.

reduced learning time compared too#rackitional methods..

In spite of these conclusions; Herman (1977) points

out a problem With most primary CAT studies - t'he drap out

rate is usually.much higher in primary CAI courses than.in

traditiOnally taught courses. Usually it*is the poop

achievers who drop out, thus raising the final class

average. Herman suggests that this tendancy for arop-outs

may be the result of student attitude. Many studies have

shown that the use of CAI improved student attitudes

towards the use of computers in the learning situation

(Chambers and,Sprecher, 1980). However, Herman has found

evidence that some students find the basic CAI format

unstimulating and confusing. Students have expressed their

dislike for a contr011ed frame-by-frame approach. Some feel

pressured and anxious because they usually can not retrace

their steps. Contrary to the support'given by most

281



psychologists, Herman also Teports that some students find

that prompts.and constant feedback interfere with their

understanding pt, the Material.

Finally, many people who implement primary CAI as an
A

entire coarse do not seem to consider the problem of

depersonalization. In a situation where CAI dominated a ,

college freshman course for a year, at least 25% of the

students expresse.d resentment against iMpersonal

instruction (Herman, 1977). Thus some research does point

to the need for sufficient human interaction when using

primary CAI (Chambers and Sprecher, 1980; Bork, 1981;

Bunderson, 1980, emphasizing again that CAI should not be

used da the primary Means of instruction.

The mdst conclusive study comparing CAf to printed

material and other traditional Methods of teadhing was done

by Tsai and/Pohl (1980). The study was designed to

determlne significant differences in learning achievement .

and retention of university students exposed to an

introductory level package on descriptive statistics. The

Study implemented the following treatment roups: lecture,

programmed instruction (printed text), CAI, programmed

instruction plus planned stildent/teacher contacts, and CAI

phis planned student/teacher cbntacts. After eight class

meetings, each group was given multiple choice and problem

solving tests. Retention tests consisted of ten minute

multine choice quizzes given six weeks after the

achievement test. The results showed that the CAI group did

15



significantly better than the other groups on the multiple

chOice test., and the CAI.;plus group did si'gnificantly

better than all other gpoups on-the problem solving test.

There was no,significant.diffexence between groups for

retention, whereas previous studies have indicated that

CAI-taugh't students !nay not retain as much as those tadght

traditionally (Tsai and Pohl, 1980; Splittgerber, 1979).

Another project which has involved the development and
_

evaluation of adjundt CAI.materials is SUMIT*(Single-
,.

concept Usen-adaptable Microcomputer-babed Instructional

Technigue). SUMIT was developed at Michigan Technological

Liversity .by James D. Spain and supported by a NatiOnal .

Science Foundation grant. The objective of.the SUMIP

project was io develop, evaluate and disseminate 20

Interactive graphics pro,Frams for use op Apple II

microcomputers imgeneral biology and ecorogy. Unlike any

other attempt to produce marketable microcomputer CAI to

date, the SUMIT.approach encourages the integration of

computer simulation into.a course, espcially biology

.tboratories (Spain, 1q79). Programs uttit.4e mathematical

models, feedback; interactive graphics and many are

programmed to facilitate modification by the'user. A

majority of the material developed by"SUMIT has undergone

evaluation 0 liarious biology courses, but the results :lave

not yet been compiled or published. By administering pre-

and posttests immediately before and after Students run a

program, the general finding has been- that students show

16



increased achfevement in the subject area to'which they

were'exposed (Soldan, 1982).

Problem Statl-ment

-L In spiti: of the humerous studies which have been done

to test the effectiveness 'of CAI, there is still a need for

rqsearch, After reviewing the literature, Charkbers.and

tprecher.11980) concluded that irell-designed, tightly

conVrol.led evaluative "studies Qn. the use of CAI are rare.

It was their recoMmendation that the 4ropriate use of.CAI

materials in the learn.ing situation should-be studied ahd

implemented.

Considering the forecast dt imreasing microcomputer

popularity in education, it is important that more research

focuses on the use 'of CAI on microcomputers. Due to the

prevalence of mainframe CAI, very few studies have looked

into using microcomputers in their.evaluations. Also, since

evaluations have centere&..q pr1m ,I, it is,

important to develop and evaluate adjun: ,AI materials.

Si ce CAI is slowlOpeing ruled out as tnv means'of

tea g entire courses,.it is important to investigate its

use as a supplement to traditional methods, especially in

laboratories. I have not encountered any literature in

4),which CAI was incorporated into laboratory work. Finally,

Any studies which may deal with adjunct CAI have not

compared CAI learning to learning from printed text. In

17
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I.

view of these deficiencies, I.develaped an adjunct

microcomputer prograM far use in a general college briology

laboratory course.

After Carefully considering the existing software in

biollgy and con'sidering what topiC' would lenditse?.f to-CAI

on the microcomputer, I chose to write an introductory

program oh photophimptorylalion (the light reactions of

Photósynthesis) for the Apple II Plus.microccimputer, I

chose this topic to fill not only a need for microcomputer.

CAI, but to fill a need for brdlogical programs

specifically.-.CONDUIT, a leading software distributer,

offered a total of eight biology CAI packages for

microcomputers in a recent catalogue (CONDUIT, 1981). None

of these dealt with photosynthesis. I have encountered one

APple II BASIC program by J&S Software (1980) which.deals

with photosynthesis; it is a drill and practice program

. for review purposes. I chose phot -ohorylation

opecifically, due to the need for CAI L ylopment in plant

physiology, and because I felt it would lend itself to

interactive computer graphics. I also believed that it

could be easily incorporated into photosynthesir labObatory

work. Finally, I felt that it was a topic which could

employ interaction.and many of the capabilities offered by

an Apple II, thus it wouLA serve to highlight any

differences between CAI and pr,inted material in those

respects. Since the program was to be used as actual

instructional material in a course, I also felt it was

18

2



I.
.important to provide theitudents with a topic from which

P
they could benefit; my experience indicates that the

photop1osph9rylation. pathway is often diffiult for .

students to'understand:and learn."

'In vtaw of the above, considerations, the purpose of

the pr`esent study was tC.campare the sYiort term information

retention of students who used CA/, with thbee who had been'

exposed to the same subject matter In printed form.

19
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METHODS. AND.MATERIALS --,

I.

Development

The design and devqlopment of the microcomputer
,

program entitled Photophosphory1ation was laegely based on

stylea and techniques which hive been.recommended or proven

7 successful by others in the field. Sihce tutorial CAI is

-11opst suited to enhance concept learning and simulations are

best suited for enhancing concePt integration and higher

learning.(Bunderson, (1981), I chose to combine the two

types into one program. Instructional simulations may

either present information to a passive learner or interact

with a participating learner (Fortner, 1979). I choseOft

implement the former type in this program; this was

mandated by the length and complexity of thd lesson. The

novTam deskgn and construction followed the approach

outllned below, adapted from Spain (1979), and Agin and

Simonsen (1982) in combination.

I. Program Design

0. A. Specify learning objectives of subject area
B. Spdcify appropriate level of abstraction for antici-

pated users
C. Write preliminary guide containing necessary back-

ground iriformation

20



II. Program Development

A. Write preliminary flow chart based on objectives and
desired sequenpe of learning

B. Write initial program using open strucVQre for later
modification

C. Edit, add to, debug, document and mo ify program in
preparation for trial use

D. Write User's Guide

Since the development of this program was done in

conjunction with the SUMIT project, SUMIT guidelines were

used in preparing the User's Guide. A User's Guide is

essentially a student/teacher manual designed to explain

and supplement`a specific program. The basic guide format

included an abstract, program prerequisites, learning

objectives, background information, applications,

exercises, program description/documentation, and

references. The Photophosphorylation User's Guide is

presented in Appendix C. The User's Guide was not used in

the module* evaluation for two reasons: 1) users of both

the written and computer modules would have had to use it

to prey,ent bias, and much of it would not apply to the

written material, rand 2) past experience with SUMIT has

shown very few studens even glance at the User's Guide

when it is available. (* I will use the term module to

encompass both the pro)gram and the written version.)

'Program content was based on information presented-by._

Lehninger (1975) and Stryer (1981). Since these are

advanced biochemistryotexts, q was taken not to use

information above the general Pilogy level; Curtis and
21'
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Barnes' Invitation to Biology (1981) was used ass a

guideline in this respect. The, program basically consists

of four parts, am introduction, explanations of the

non-cYclic and cyclic pathways and a simulation of the

entire pathway: The explanation sections consist of a

step-by-step analysis of the pathways at the molecular

level. The student is led through the program in an ordered

fashion and after each section (s)he is allowed to review

any.portion of the program, as well as watch the pathway

simulation for an ample amount of time. The program took

approximately 200 hours to develop, and it takes 30 - 45

minutes to run, depending on the study patterns of the
\

individual. Agin and Simonsen (1982) consider this a

de,Areable length for an adjunct CAI program. The diskette

on which the program is stored can be found in Appendix A,

and complete listings of all subgrograms are predented in

Appendix B.

The'programming style that was utilizedi was based on

'antidipation of user neekls and pre, ,es. In order to

motivate students to read the text portion3 of the module,

two strategies recommended by Kehrberg (1979.) were used: 1)

text was broken up with questions, and 2) the amount of

text on the screen at any one time was kept to a minimum.

In addition, dialogue was kept informal, as suggested by

Bork (1979,.1981). The screen display was put in the hands

of the user to avoid.frUstration; pages are controlled by

pressing the return key, not by timed pause loops.
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Questions are not put in endless loops, but allow the user

to go on after a maximum of two incorrect responses. Also,

the user may not pass by questions without trying to answer

them. Users are warned if there is to be a ',delay, for

example when loading subprograms; so they do,not feel as'if

something wept wrong with the program. User confusion is

also minimized by consistency in the nature of input

required by tile student (Kehrberg, 1979). All actions are

initiated by pressing the return key, and all inputs have

to be followed by pressing return before they are analyzed

'by the computer. Finally, when a particular'action is to

occur, the user's attention is drawn to it prior to the

event. Fortner (1979) stressed the importance of briefing

the student before a simulation so the student knows what

to expect, thus aiding his/her understanding of the event.

In essence, the majority of the programming tactics

implemented, were used to incorporate effective teaching

strategies into the CAI program.

The printed material, hereafter termed the written

version, served as the traditional form of instructional

:r1-41.a. The-written version consisted of the same

information contained in the program, almost verbatim,

excelpt that:'1) etitire pages were filled with text as is

commonly done in textbooks, 2) compuiter terminology was

eliminated (e.g. "Press Return," etc.). When students

encounter questions in the written version, tliey are

referred to an appendix to check their answers. No

23



reinforcement is given, just the correct answers and

pertinent explanatory notes. CAI simulations are

represented in the written irersion by printed flow

diagrams, whicll are placed preceeding those sections which

refer'to them. A copy of the written version is presented

in Appendix D.

In addition to the written version, a one page study

guide was prepared for issuance to each student at the time

of the evaluation (sep Appendix E). The study guide

consists of general instructions, motivation,s6.tements and,

12 learning.objectives tp be achieved as a. result of using

the module. Motivation was mainlSr provided by announcing ,

that the test score achieved by-each student participating

in the evaluation, could be used to replace the student's

lowest quiz grade in the_opiarse. Bork (1981) and McKenzie

et al. (1978) feel that fOr many student-STaides_influence

their classroom performance and commonly serve as

cvation. he learning objectives werA based on the

--Iginal objectives I set up when deve2)p:ng'the program. I

tried to touch as many levels of learnint; as possible with

these objectives; unfortunately many of them were aimed at

the knowledge,level.

Formative Evaluation

The evaluation process began with a formative or

"midstream" evaluation of the program and the test. This



evaluation served to provide lnfdrmation on the.,

effectiveness of the material.at an intermediate point in,
.

.

development. Ideally a large group.of student
P,

,

representative of the target population should.ha4Nbeen,

used for this process (Brown and Ellinger, 1978)1. This yas

'hot possible due to lack of a test group. Therefore a.striaal

scale more intensive evaluation was performed. The prograin

was initially reviewed by members.of the SUMIT research
4

team; Agin and Simonsen (198) recognize this as an

.appropriate first approach to checking a program.

Essentially, attempts were njade to "boMb out" the program

and detect programming errors. The second step was to get

comments, criticisms and suggestionsTrom as many

profesgOrs and graduate students .as possible, who were .

P

knowledgeaole in 'photosYhthesis. These people basically

analyzed subject validity, ambiguity, readability etc.

Summative Evaluation

A class of 102 students enrolled in General Biology

, 104) at Michigan Technological University participated

in the summative evaluation. Qlass'statistics (major

curricula etc.) are pretented in Appendix H. Students were

exposed to a lecture on the topic of, photophos

phoOlation, given by their regular lecture instructor,

approximately 42 days before they Used the module. A copy

of the fundamental lecture is presented in APpendix G. At
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the time of the-lecture, students were also required to

read pages 110-122 and 287-292 of Curtis and Barnes'

Invitation to Biology (1981); this material covered the

leaf and photosynthesis'. Two Weeks before the summative

evaluation, the students took a midterm exami tion id the

course; at that time they were responsible for he

photophosphorylation lecture and reading materi 1. Based on

this, it was psumed that a majOrity of the students had

studied the topia material at some time prior to the

summative evaluation.

Students had been exposed to the Apple II micro-

computer and a series of SUMIT CAI'programs in laboratory

prior to the evaluation. All students were required to run

a program Introducing them to the Apple II computer, the

first week of the course. All but one of the five lab
4

Pections was required to rbn a manditory CAI program in lab

every other week. A schedule of the lab topics and CAI

programs used in lab each week up through the evaluation

are presented in Appendix I. Current and previously offered
s

pdograms were made available in the lab at all times.
e

The tool used to perform the summative evaluation was

the 20 item objective test developed from the learning

obAectives. l'st items can be considered direct expressions

or operational Winitions of the learning objectives

(Ahmann and GloCk,*1981). The importance of each bjective,

in terms of the total lesson, was used to determine thee

number of test items related to each. The numbers of the

26
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test items which satisfy each objective, are presented in

parentheses after each objective in ApPen.dix E; an item may

satisfy more than one objective. Objective test items were

used to eliminate all subjectivity when determining the

correctness of each answer. The test cont sisted of 18

multiple choice and 2 ti,ue/false items; it is presented in

, Appendix F. The construction of these items followed

guidelines presented by Ahmann and Glock (1981) on pages..78

- 89. The length of the test was more or less arbitrarily

determined, teing long enough to provide statistically

valid data and short enough so as not to take up too much

lab time. Based on the method of construction and purpose

-of the test, I would consider it to be a norm-referenced

achievement'test. That is, it served to find each student's

performance level in relation to the performance of others

taking the test (Ahmann and Glock, 1981). Thus the test

attempted to produce variability among teSt scores, ao
-

differences between the two iroups of students could be

accentuatethand attributed to the educational media they

used.

Test items were analyzed by a professor of biology and

1.rofessor of education. They were also analyzed by a

colleague who had run the program; he reasoned through the

test aloud, in my presence. This allowed me to recognize

major problems with question wording and distracters

(choices). I edited the necessary questions based on

evaluation findings and verified the relationship between
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. each of the items and tbe objectives on which each Was

based, to assure content validity as suOested by Ahmann

and Glock (1981).

The summative evaluation took place over a two day

period involving all five laboratory sections with

approximately 20 people in each. The lab schedule is

presented in Appendix H. Two of the labs were taught by

myself, the other three were taught by two other graduate

teaching assistants. Unfortunately, it could not be

arranged for the lab work to correlate with the module

lesson, in subject matter. Thus, the lab work dealt with

ecology and soil testing. This lab is presented on pages

99-110 of Christianson and Krear's Laboratory Script% for

General Biology (1981).

The students received two.brief lectures before

starting the lab work or module; The first was an

explanation of the lab work to be done, given by the

regular instructor. This was followed by a set of

ructions presented,by myself to insure that the same

was said to each group. The followol.; points 'were

tressed:

- You are participating in an experiment with
carefully designed controls.

- It is important to the field of education and
to my Master's Work.

- Think of the module as an integrated part of your
labwork,

- Do not bias the experiment with your personal
feelings about which teaching method is better.

- Do not communicate with others in the lab or in
other lab section& about the module or the test.
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- Try to follow the instructions and do your best
to learn the material.

I also presented two reasons for learning photophos-

phorylation daring an ecology lab: 1) it would help

,prepare students for the photosynthesis lab two weeks

later, and 2) photophosphorylation is commonly a difficult

thing for students to comprehend, thus I thought a special

.module,would help. According to Herman (1977),, cues that

the material is going to be a challenge, are more effective

in stimulating learning than cues qhat the material is
4

going to be easy. Study.guides were distributed to each

student; from these I read the instructions and stressed

the use of the objectives as a learning guide to the

material. The objectives were generally presented in the

same order as they were covered in the'module.

After the instructions, each stddent,was told which

gtoup (s)he would participatein. Each lab section had been
,,

randomly divided into two.groups, control (writtQh version)

arid experimental (CAI), by means of an ApPle II randomizing

program written by Shaltz (1980. Each of these 'groups was
%

rrindomly divided in half again; this determiped who was to

do the lab work before looking at the moule and vice

versa. In cases where extra or missing students caused a

major group imbalance, a coih was tossed to i,e0tify'the

situation:The random experimental detain described above

was used to eliminate'possible bias between secttons or

individuals and eliminate congestion 'in the lab.
ft
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After I completed my instructions the students began

their work. Seven microcomputers were set up in an area

which was remote from the main lab. Written versions were

passed out by the instructors and mast students read these

in the stuay carrells. The written versions had to be

handed in before students could receive the test. The same

test was used for all students. Also,.the test was not

timed and it was taken on an individual basis in the

designated test area immediately after students finished

theirmodules. Notes etc. were not allowed during the test;

the test area was periodically "patrolled." Lab instructors

handled problems the students had with the module or the

lab work. Students recorded their test answers on IBM

computer answer forms, which were then.scored against a key

by the M.T.U. Academic Computing Services.

Data Analysis

The data (test st,ores) were dividk 'Ito four groups:

Written version/Lab work first (WL); bmputer version/Lab

work first (CL), Written version/Module first (WM) and

Computer version/Module first (CM). bne score from each of

the WL and CL groups was randomly thrown out to equalize

all four groups resulting in 25 scores in each; this was

not done to the item analyses data, discussed later.

Bartlett's test for homogeneity of variances (Zar, 1980)

was performed to determine if all samples came from the

30
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same population. To determine if each sample group came

froth a normally di.stributed population, D'Agostino's test

for departure from 'mality (Zar, 1980) was used. These

tests wene followed by the use of a Model I 2X2 Factorial

Analysis oc Variance (ANOVA) with replicattbn (Zar, 1980).

ANOVA served to determine'the effects of the instructional

media on the scores, the effects of the order in which lab

work was done and the interaction of these two factors.

Consequently, Duncar0 New Multiple Range Test (Duncan,

1955) was used to compare all four group means to detect

differences.

To anglyze the data at the test item level, . prograMi

entitled Item Analysis (Fehlberg and Flatham, 1969) was run

on a UNIVAC 1110. .Ea4eh student's answers were coded bnto a

general purpose punch card and cards were divided into two

groups (Computer and written). These group data Were each

separately incorporated into the anaifsis program and ruR

through the computer, with an additional run using all data

collectively. The program produce4 the following usable

statistics: KR-20 Reliablilty Coefficient, iteM aifficulty

indices, item test score means, item z-score means,'item

',!1Pr1al correlations and item.reliability ,indices. These

.0ati5tic8 are used to dete'rmne thp strengths and flaws of

each item, as well as to distiriguiSh between, the two

treathnent groups. The difficulty indices for ach group'

were compared for each item, by means of a teat of the

equality of two proportions (Fruend et al., 1960). Items
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which reyealed signifiCant differences in difficulty were
e

VeArther analyzed at the distracter leve'l to determine where

t .

the differences existed. From this, postulations of what

caused yecific learning differences-between the two

treatment groups wer. made.

..

,

3 )

_

r ,

s

-

i

32



RESULTS

The majority of conclusions made about the

effectiiteress of the CAI program versus the writtep version

were based on the following statistiCs. ANOVA assumptions

'were satisfied first by using Bartlett's test or

homogeneity of variances which yielded a calculated

chisquare value of 1.207. The critical value at alpha =

0.05 and 3 degrees of freeclom was 7.815. Thus the null
.

hypothesis (all sample variances estimate the same

population variance) was not rejected. WAgostino's test

for departure from normality resulted in acceptance of the

null hypothesis (the sample came from a normal populatiQn)

for all groups. The distribution of the data can be seen in

histogram form for the whole class, computer (CA1).group

and written version (W) group in Figures 1, 2 and 3

respectively. The means, variances and standard deviations

of each group are also presented in these figures. A

comparison of Figures 2 and 3 reveals that the CAI group

had a larger mean (14.80) and smaller standard deviation

(2.79) than the W group (mean = 12.16, s = 3.52).



.1

Table I. Analysis of Variance summary table for Photophos
phorylatlon test scores.
(computer or written) and
completion (lab or module

Factor A
Factor
fiTst).

is the type of media used
B is the order of task'

Source of SS DF MS
Variation

Cells 277.92 3
Media.(A) 174.24 1 174.24 18.86**
Order (B) 51.84 1 51.84 5.61*
A,X Li, 51.84 1 51.84 5.61*

Error 887.04 96 9.24
Total 1164.96 99

* signieicant at alpha. = 0.0
** significant at alpha = 0.01
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Figure 2. Frequency distribution of Photophosphorylation
test scores for the computer'group. + = 1 score, N = 50.
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Figure 3. Frequency distribution of Photophosphorylation
test' scores for written version group. + = 1 score, N 50
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The results of the ANOVA test are presented in Table

t. The null hypotheses of no effect of media on achievement

scores,.no effect of task completion order on achievement

scores, and no interaction effect of media and order on

achievemdInt scores, were all rejected at'alpha = 0.05. The

Factor A (media) hypothesis was also rejected at alpha =

w0.01. As a result DP rejecting these hypotheses, Duncan's
1

New Muftiple Range Test was employed to detect-Which gr9up

Means,differed;, Tabfe'IT presents these results.

s'ignificane differences.were found to lie between both

levels (WM and W4) of the W group and between the entire W

group ahd the entire CAI group at the 0.05 level as

indicated in Table II. At the 0.01 level only the WL group

stood out as significantly different from the other three

groups. After examining these general trends in the data,

they were scrutinized more closely by means of item

analyses.

The pertinent item analyses data for the class a8 a

whole are presented in Table III. The KR (Kuder

Richardson)-20 value at the top of the table is a measure

of test reliability estimated on the basis of the

consistency of student performance from item to item within

the test (Ahmann and Glock, 1981). This value can

theoretically range fran -1 to 1, with these limits being

perfect internal consistency, i.e. students consistently

r,ot all questions wrong or consistently got all questions

rtght. The Photophosphorylation test had a KR-20 value of
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Table II. Duncan's New Multiple Range Test for mean Photo
phosphorylation scores of the four treatment groups. CL =
Computer/Lab 1st, CM = Computer/Module 1'st, WM =
Written/Module 1st, WL = Written/Lab 1st

Group CL
(14.80)

CM
(1.80)

WM
(13.60)

WL Crit. Vals
(10.72) (.01)(.05)

CL (14.80) 0 0 1.20* 4.08**

CM *(14.80) 0 , D 1.20* 4.408**`2.80 1.21

WM (13.60) 0 0 0 2.884-2.61
. ,

0.97

WL (10.72) 0 0 0 . 0 2.29 0.58
_

14.80 14.80 13.60 10.72

* significant at).alpha = 0.05
** significant af alpha,= 0.01
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0-.666. Item difficulty indices indicate the proportion of
.. %

students correctly answering each item out of 102

examinees. (Not'e: Item 20 was computed on the basis of 99

indivi'uals. The computer assumed that the 3 people who did

not atiswer the question did not have time to finish the

test; the missing responses were not treated as incorrect

answers hy the computer for item analysis purposes..

Responses missing from items 13 and 14 were treated as

incorrect answeri when coMputing item analysis data.) A

large or small item difficulty indicates that the item was

too hard.or too easy respectively. Items with difficulty

indices between 0.40 and 0.70 ar.e'considered atJa "good"

difficulty level for a norm-referenced achievement,test

(Ahmann ,nd-Glohk, 1981). Items Which fall in this range

are indicated in Table III. Ahmann and Glock,(1981) -

recommend that these values be considered rough

approximations becausc. we do not know whether the number of

people who knew the answers was the same as the number of

people who got them correct.

Item biserial correlation values pr6vide an index of

discrimination, or measure of the degree to which

students with higher test scores answer an item correctly

and students with lower test scores answer an item

Irworrectly (Kehlberg and Flatham, 1969). Indices of

01crimination are often determined by an internal-

Ionsistancy method. That is, the-scores from the test

itself are used as internal criterion and divided into
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upper and lower groups (for example, the top and bottom

1/5). Maximum discriminating power of an item means

. everyone in the upper group answered the item correctly and

everyone in the lower group answered it incorrectly (Ahmann

and Glock, 1981), Thus, items with high biserial

correlations are the best discrimihators. The following

criteria have been used,in .items with bisenial

correlations below 0.2 are considered poor discriminators,

those between 0.2 and 0.299 are,fair discriminators, and

those above 0.3 are good discriminators (Ahmann and Glock,

1981). A negative value means the item is unsatisfactory at

discriminating betwet,A1 students who know the material and

those who do not; item 18 has both a negative reliability

index and a negative biserial correlation. The.item

reliability indices are indicators of item effeCtiveness.

This index takes into account biserial correlation and the

proportions of students getting a question correct or

incorrect.

Those items which have both a difficulty index between

0.4 - 0.7, and a biserial correlation above 0.3, have been

tagged as good discriminators of moderate difficulty (Table

III), i.e. good items relative to the otliere on the test.

Ten of the 20 items on the test fit this category (Nos. 2,

6, 7, 10, 11, 14, 15, 16, 19, 20), Items 14 and 19 were

Included because they have high biserial correlations

(0.504 and 0.688 respectively), with difficglties of 0.706

each. The worst items in this respect, is number 18 with
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table III. Summary of item analyses performed on Photo-
phosphorylation test scores for the whole class. N = no.
students answering each item, DIF = item difficulty index,
REL = item reliability index, 5IS = item biserial
correlation

i)L

KR-20 Reliability Coefficient = 0.666

Item # N DIF REL

1 102 0.765 0.276
2* 102 0.422< 0.265
3 102 0.794 0.241

A 102 0.843 0.256
5 102 0.902 0.108
6* 102 0.608< 0.256
7* 102 0.637< 0.283
8 102 0.784 0.265
9 102 0.363 O.l39

10* 102 0.657< 0.162
11 * 102 0.618< 0.354
12 102 0.324 0.126
13 101 0.824 0.180
14* 101 0.706 0.230
15* 102 0.637< 0.268
16* 102 0.686< .306
17 102

102
0.765
0.833

0.260
-0.013

19*
20*

102
99

0.706
0.598< C"A90.

FAIS

g:1F7I0

048+
0.525+
0.588+

0:%7

0.729+
0.341+

0.269
0.473+
0.504+
0.558+

-00606305+

0.613+

0.688+
0.532+

*. Good discrimination/difriculty level
< Item difficulty index between 0.4 - 0.7
+ Good discriminator (> 0.3)
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DIF = 0.833, REL = -0.013 and BIS =

In a manner similar to that discussed above, the data

were separated into the CAI and W groups, and an item

analysis was run on each of these. The item difficulty and

item reliability indiCes are presented in Table IV. All

difficulty indices were calculated on the basis of 51

individuals except item 20, for reasons explained earlier.

The item reliability indices are presented to provide

evidence th.at the items ace still reliable when considered

separately for each treatment group. Item difficulty

indices in Table IV were used strictly for comparison

purposes between the two groups. The test for the equality

of two proportions was executed using the item difficulties

of each group for each item. This test resulted in a

z-score for each item; these were compared to the critical

value of +/- 1.65 at the 0.05 le'vel to conclude acceptance

or rejection of the null hypotheiis, DIF(CAI) <= DIF(W).

Six of 20 items (Nos. 3, 7, 11, 14, 19, 20) shoWed a

significantly larger difficulty index for the CAI group

than for the W group. Only item 18 showed a smaller

difficulty index for the CAI group (0.824) tI4n for the W

group (0.843); however, a test against the null hypothesis,

DIF(CAI) >= DIF(W), revealdd that the values were not

significantly different. Therefore the W group did not do

significantly bettei than the CAI group on any of the

It-ms. Of the six items which showed a significant
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Table IV. Summary or Item Difficulty, Reliability 'and

Z-Score Data for the CAI and W groups taking the photo-
phosphorylation test. N = no. students answering each item,

DIF f item difficulty indices, REL = item reliability

indices f

Item
.

#

,. CAI TrIRITTEN

N DIF REL N DIF REL Z

1 51 0.765 0.326 51 0.765 0.280 . 0

2 51 0.490 0.151 51 0.353 0.339 -1.4

3
4

51
51

0.863
0.902

0.138
0.133

51
51

0.725
0.784

0.282
0.316

-1.72*
-1.64

5
6

51
51

0.941
0.647

0.090
0.145

51
51

0.863
0.569

0.090
0.347

-1.32
-0.81

7

8

51

51

0.725
0.843

0.150
0.293

51
51

0.549
0.725

0.347
0.229

-1.85*
-1.45

9 51 0.431 0.118 51 0.294 0.114 -1.44

10 51 0.686 0.226 51 0.627 0.110 -0.63

11 51 0.765 0.336 51 0.471 0.302 -3.06*

12 51 0.353 0.204 51 0.294 0.055 -0.64

13 50 0.863 0.138 51 0.784 0.197 -1.05

14 )0 0.863 0.261 51 0.549 0.114 -3.48*

15 51 o.686 0.170 51 0.588 0.339 -1.03

16 .51 0.745 0.290 51 0.627 0.312 -1.28

17 51 0.804 0.150 51 0.725 0.342 -0.94

18 51 0.824 0.051 51 0.843 -0.056 -0.26

u
51
50

0.784
0.800

0.205
0.287

51
49

0.627
0.=

0.369
0.124

-1.74*
-3.82*

CI

* significant at the 0.05 level
critical z-score = +/- 1.65

1
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difference, only item 3 was considered a poor discriminator

(TableIIII). Therefore it was not considered a good item to

yield information at the distracter level.

Items 7, 11, 14, 19 and 20 were further'analyzed by

looking at the percent distribution of people answering

each d tracter in both treatment groups. These data are

prese ted in Tables V and VI. Shown for each group and each

item are the nwaber of people answering each item, the

:difficulty indices, and the:proportion of students choosing

each distracter. The latter can be considered the

percentage distribution of student answers, if multiplied

by 100. Also shown in these tables are the average total

test scOres of the people choosing each distracter. The

.mean scores are presente'd only for reference and not for

comparative purposes. These means were transformed to'

standard z-sdores having a normal distribgtion and a mean

of zero, useful for relative comparisions between groups.

The z-scores are useful for determining the distribution

about the mean or the achievement level (based on

Photophosphorylation test scores) of the students choosing

each distracter. It must be kept in mind ,that the z-scores

are useful for relative comparisons between groups, but not

for absolute comparisons. The correct answers are indicated

in the tables;-for all items presented here, the correct

answers were all chosen by the greatest proportion of

students in each group.

An examination of the distracters of item 7 reveals
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that 27% of the W group tended to choose distracter B

(Table V), comped to 12% choosing B in the CAI group.
,

The z-scores of item 7 (TableN) indicate that the people

choosing the correct answer in the W group generally scored

higher on the test (z=0.46) relative to each other, th.J.n

did the CAI group (z=0.02). Even though 14 people in the W
_

group chose distracter B, the people who did, scored lower

on the test (z=-0'.75) relative to others in the V group,

than did the 6 people choosing gin the CAI group

(z=-0.54).

Table V reveals a similar pattern for item 11, with a

higher percentage of people choosing the correct answer E

in the CAI group (76%) than in the W group (47%). In the W

group, 12 people (24%) also chose distracter C. No one in
6

the CAI group chose distracter B,.and the people who did

choose B in the W group scored low bn the test relative to
N

others in the W group (z=-0.75). The z-scOres for people in
i

both, groups choosing the correct answer were relatively

close and above the mean.

A different patter% shows up in item 20 (Table V). One

person in the CAI group and two in the W group did not

answer the question. 39 of the students in the C group

(78%) chose the correct answer, whereas the distributicin---:

for the W group was spread between distracters A, B and C

(29%, 25% and 41% respectively). No one in the W group
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Table V. Item statistics for items 7, 11, and 20, as
calculated for both treatment groups. Shown are the
amoportion of students choosing each distracter (A - E) in
each group, Average test score means of the students who
chose each distracter, N = no.. students answering the item,
DID' = iter. difficulty index, *correct answer

Item 7 .N DIF A* B C

''COMP 51 0.725 0.73 0.12 0.04
15.20 13.30 11.00
0.02 -0.54 -1.35

WRIT 51 0.549 .055 0.27 0.02
13.90 9.00 8.00
0.46 -0.75 -1.05

Item 11 N DIF A B C

COMP 51 0.765 0.06 0.00 0.10
13.30 0.00 12.60
-0.54 0.00 -0.54

WRIT 51 0.471 0.16 0.10 0.24
10.40 8.60 10.80
-0.54 -0.75 -0.35

Item 20 N DIF A B C* .

COMP 50 0.800 0.04 0.14 0.78
10.50 12.40 15.50
-1.15 -1.01 0.38

WRIT 49 0.429 0.29 0.25 0.41
12.10 11.00 13.00
-0.17 -035 0.12

46

D

0.12 Distrib.
14.80 Mean scores
0.02 Z-scores

0.16 Dis.
12.10 Means
-0.17 Z

D E*

0.08 0.76 Dis.
10.00 15.60 Means
-1.65 0.38 Z

0.04 0.47 Dis.
15.00 14.00 Means
0.75 0.46 Z

D

0.02 Dis.
12.00 Moans
-1.01 Z

(:)00 Dis.
0.00 Means .

0.00 Z
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chose distracter D. The z-scores of people choosing the

correct ansWer was slightly ayove the mean (z=0.12).. The

z -score of the C4Zgcoup choosing the correct answer was

relatively higher than the mean (z=0.38).

The data for item 14 are presented in Table VI. One

--(person in the CAI group did not answer the question. 45 of

/ 50 peoplein the CAI group chose the correct answer B, and

/ rio one chose either distracter C or D. No one in the W

grou0 chose' distracter D either, and nearly as'many people

chose distacter A (41%) as chose the correct answer (55%)

in this group. The z-score of students choosing the correct

answer was 0.02 in the CAI group and 0.12 in the W group.

The choice distributions for item 19 (Table VI) show

that the most people choosing an incorrect distracter in

the W group chose distraJter A (16%), whereas the'same

proportion of students in the CAI group.chose distracter C.

The remainder of the peopla not choosing the correct

answer, was somewhat evenly distributed between distracters

B and C in the W sroup. -The z-spre for the correct answer
0

in the W group (0.46) is much higher than that for the CAI

group (0.02).

In addition tb statistical analyses, a few personal

rvations were made. The students were not asked eo

r#!cord how long it took them to complete the module;

however, I found that it-.took most of th.,,t, approximately 30
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Table VI. Item statistics for items 14 and 19, as
calCglated for both treatment groups. Shown are thef
%proportion of students choosing each distracter (A - D) in
each group, Average test score means of the students who
dhose eadb distracter, f-scores of: each mean score, N = no.
'students answbring each item, DIP = item difficulty index,
*correct answer

Item 14 N 'DIP A B* C

COMP 50 0.863 0.12 0.86 0.00 0.00 6istrib.
11.70 15.30 0.00 0.00 Mean scores
-1.01 0.02 0.00 Z10.00

.

WRIT 51 0.549 0.41 0.55 .0.04 \0.00 Dis.
11.20 12.70 14.50 0.00 Means
-0.35 0.12 0.75 0.00 Z

mai

Item 19 N DIF .A B C. D*

COMP 51 0.784 0.02 0.04 0.16 9.78 Dis.
12.00 13.00 13.00 15.30 Meana
-1.01 -0.54 -0.54 0.02 Z

0

'T 51 0.627 0.16 0.10 0.12 0.63 Dis.
11.00 7.2J 9.30 li.80 Means
-0.35 -1.35 -0.75 .46 Z

.48
5 4
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. minutes to run the computer program. Generally people

rcadIng tne written version took less than 30 minutes.
-

Noise in the lab did not seem to distract anyone working on

the module or taking the quiz; it was kept relatively

quiet. All of the labs seemed to react cooperatively to the

evaluation except a handful of people in the Thursday

evening and Friday afternoon labs who expressed the desire

to leav4 the lab as soon as possible. No one seemed to have

any problems with the programs and everything else ran

smoothly. In the two labs that I taught, I received many

positive comments about both fo'rms of media to the effect

that students felt they had learned photophosphoryIation

better than the first time they attempted to learn it.
-....--------

Overall, the general attitude toward the evaluation of the

lecture instructor, graduate teaching assistants and
t---

students involved was positive during, and after the

evaluation.
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DISCUSSION

After,analyzing the statistical and item analyses

data, certain conclusions can be made regarding the

question: "do differences in learning 'result from the use

of CAI or written material?" This question is basically

answered by the rejection of the ANOVA hypothesis, no

effect of media on achievement scores, at the 0.01 level

(Table I). Thus the computer group mean score of 14.8 was

significantly greater than the 12.16 mean of the written

group. This must be considered cautiously, as the KR-20

value for the test was 0.666, arid 0.5 is considered low

(Ahman and Glock, 1981). Despite the reliability of the

test, however, some items showed a significant difference

between groups. One would eXpect that if the test was
s.

modified and made more reliable
Y the differences between

CAI and W group scores would be even more significant.

A look at the eass statistics (Appendix H) reveals

that this difference can not really.be attributed to more

biology/forestry majors (people who may have been

.iously exposedlto photophosphoryla",m` in one group

',Ian the other. There are also no other imbalances between

the two groups due to the random experim,ntal design. A

. further tnvestigation of why these differences exist must

N
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be made by analyzing the item analyses data.

Use of ANOVA also showed that there was a significant

difference between the mean scores of theab work first

(12.76) and module first (14.2) groups (Table I). Again, I

do not feel that this difference was caused by excessive

imbalances of different individuals,in the class. The

factor which I would expect to cause this difference would

be an excessive number of people from lab sections 3 and 5

in the labfirst group, but sections were basically evenly

distributed. Since it was these sections in which I noticed

anxiety about getting out of lab, I anticipated that these

sections would rush through the evaluation. Perhaps this

happened, but due to the experimental design it had little

noticeable effect.

A further analysis of the ANOVA results revealed an

interaction effect between the media and order of task

completion. Duncan's New Multiple Range test pinpointed the

interaction to the written group only (Table II). The mean

scores of the CL and CM groups were equal at the 0.05 and

0.01 'levels, with the WM and WL means not equal to each

other or the CAI group at 0.05. At the 0.01 level, only the

WL mean was significantly different from the mean. This

'T'Irlies that the order of task completion affected student

-1(.!t,ievement, if students learned using the written

material. It appears as if task order spwifically affects

achievement if the written material is done after the lab

51



t%

work. This could be due to fatigue after doing the lab

work, however the CL group would,have also been affected in
a

this manner. The CL mean score did not indicate this.

I believe the explanation lies in student motivation.

According to Bernard (1965) motivation is provided by

rewards, knowledge Of progress and novelty. For,one thing

the program may have been considered more novel than the

written version, eten though the majority of students had

used CAI throughout the previous, month (Appendix I). I got

this feeling from those people who had been assigned to

read the written version, many of whom seemed openly

disappointed (expressed with comments-etc.) when they

discovered they were assigned to read the written version.

This, and the,fact that I felt that students were starting

to tire of CAI programs, worried me at the time. However, 'I

did not observe that type of open disappointment in the

computer Foup. Knowledge of progress was provided in both

the computer and written versions by informing students of

the correct answers to questions imbedded in the module.

The big difference between the two was in terms of rewards,

stUdent responses could notsbe evaluated nor praised, etc.

N.

in the written version. These factors seemed to decrease

motivation for the W group, thus affecting their learning

and resultant achievement.

Even alo:e specifically I feel that the students who

.ii the written version after their lab work, became bored

-.I
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with the material more/than the students who read it before

the lab work. Also, by the time these students were ready

to take the test they were probably anxious to leave,

perhaps causing them to rush through the test questions.

Even though these postulations may be-based on subjective

observation, I feel that motivation and boredom were

factors in causing this difference between the WL group,and

the other three groups. The purpose of assigning lab-first

and module-first groups was strictly for randomization,

therefore, with this analysis aside I will focus on the

differences between the computer and written version

groups.

If differing group achievement can be attributable to/-

certain features of efther medium, this may be detected.by

analyzing group responses to individual items. It is the

distrdcter/stem (question) quality which makes the ten

questions marked in Table III, good discriminators.

Basically the z-score means associated with the distracters

of these items were all negative numbers, with a positive

z-score being associated with the correct choice. Thus

people who generally scored low on the test had a difficult

time distinguishing the incorrect distracters from the

correct answer. This means the distrac'ters seemed plausible:

to students who did not possess the knowledge to answer the

question. This is the sign of a multiple choice item which

Actions well with the test; it does a good job of
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distinguishing those who know the material from those who

do not (Ahmann and Glock, 1981)..Thus it is best to examine

these items to determine where the group learning

differences lie. The other items did not function as well

on this tebt, therefore they may lead to false assumptions.

An attempt was made,to determine why different numbers

of people with differfng test achievement levels chose

certain distracters in items 7, 11, 20, 14 and 19. The

choice distributions for item 7 (reproduced below) seemed

to Indicate that the students in the W group had a hard

time d2termining whether 1 or 2 electrons were needed to

form 1 NADPH, since most of them chose distracters A and B

(Table V).

7. Which of the following is needed to form a molecule ,

of NADPH from NADP+?
.

>A. 2 electrons, 1 H+
B. 1 electrons, 1 H+
C. 1 electrons, 2 H+
D. 2 electrons, 2 H+

(Note: distracters B and C used improper grammar, however

this should have affected all groups equally, if at all; >

indicates the correct answer.)

I believe that the simulated movement of electrons and

H+ from water to NADP+, helped create an image in the minds

of the CAI group individuals. The W group., however, had to

rely totally on recall of verbal information, as nothing in

th ,. illustrations indicated the number of electrons needed
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to form NADPH. Duchastel (1978) reported that illustrations

can teach by.showing, and sometimes they can be more

important in this respect than verbal descriptions. In

additio.., psychologists believe that learning with

Illustratl,ons can facilitate later retrieval from memory

(Paivio, 1975). I believe 'that the animated movement of

electrons etc. on the monitor, and user control of each

reaction, helped focus student attention on the critical

points which were stressed in the text.i-This seemed to

facilitate learning in the CAI group. The written version

simply referred to the pathway illustration; lack of more

involved pictorial information may have caused the W group

tO rely more on what they acquired from the text, to answer,

Item 7. This ig not to say that retention was improved in

either group; investigation of this possibility is beyond

the scope of this study.

It seems that mainly those peoPle who scored high on

the test in the W group, chose the correct answer to item

7. Whereas, in the CAI group, either students who answered

correctly had scored near the mean, or they were widely

distributed about the mean, resulting in a 2-score of 0.02.

According to Koran et al. (1980), low ability students

benefit the most from cues which,enable them to

Ai.;:riminate relevant from irrelevant information (such as

tne electron moving arourid the pathway). Thus low ability

students may have learned the material by focusing on the
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cues, and the higher ability students learned it from the

text (as in the W group), such that many students of all

levels could answer item 7 correctly in the CAI group. If

this ts true, The combination of text with simulation could

be a powerful tool in the classroom.

Item 11 (reproduced below) resulted in a,large

difference i

groups (76%

ifficulty ices between the CAI and W

espectiv ).

11. Which of the followimg is ssociated with the
cyclic pathway of photopho horylation?

A. Q (plastoquinone)
B. P680.
C. NADP+
D. 14+

>,E. ADP

The distribution of responses was more widely

distributed among the incorrect distracters in the W group

than in the CAI group (Table V). Thus it seems that many of

the W group could not distinguish the correct answer,

whereas the distracters must have seemed more obviously

incorrect to most of the CAI group. The CAI group even

totally eliminated distracter B as a posiible choice. It

,-ears that the major problem in the W group, Was

vemembering whether ADP or NADP+ was Ulf! prodUct of the

cyclic pathway.
_.

Again, I feel that this is related to the animation of

the pathway, i.e. the computer version simulated an.
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electron cycling 1around the cyclic pathway, thus producing

ATP from ADP. Especially important here is the eanimated

movement of ATP off of the video screen, thus simulating

its use in the dark reactions. The,pathway illustratieb in

the writteh version merely showed a curved arr6w with ADP

producing ATP as a branch of the pathway. Those people in

the W group who chose C (24%) seem to have been misled in

their learning, perhaps by seeing NADP+ printed next to

ferredokin, appearing as if it were part of the cyclic

pathway (page D4, Appendix D). Those W group students may

have recalled the pictorial relationship instead of the

text description. This seems odd, as it was stressed in the

text, that NADP+ must be lacking in order for the cyclic

pathway to function. Thus it seems as if some of the.W

group students did not pay attention to, or.remember, what'

was in the text. Again, the students who seemed to have had

this problem were those below the mean (2=-0.35).

Due to the CAI group z-score of 0.38 cor the correct

answer to item 11., I feel that this item relied on a

different type of learning'than di8 item 7. Since item 11

required broader knowledge (all components of the cyclic

pathway) than item 7 (number of electrons and H+ ions

needed to form WtDPH), it seems that cues may not have

played as big a role in item 11. Cues only aid in obtaining

i!x,rmation directly from a cue, and dn mt produce general

,Icanning behavior to pick up incidental information
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(Kauchak et al.,1978). Therefore, I feel this resulted in

fewer "low.achievers" answering correctly in the CAI group,

as had in item,7, thus the z-score was relatively higher

(0.38 vs. 0.02) for the correct answer. Since no one

specific e4e could have provided a learner with all of the

information necessary to answer this question correctly,

some of the low ability learners were not as apt to learn

or remember the pertinent'information.

Item 20 (reproduced below) is the only one of the five

, items being discussed here-, which was a higher level

question. That is, it was not based on simple recall of

knowledge, it also required some application of that

knowledge. By recalling that the exciting of P680 by light

causes water to split, and that NADP+ requires two

hydrogens from water to form NADPH, one can apply this

knowledge to answering the question.
4

20. How many times does a molecule of P680 (PS II)
need to be activated by light to produce one
molecule of NAPDH?

A. 0 (P680) is no', involved in producing NADPH)
B. 1 time
>C. 2 times
D. 4 times

In addition to the fact that the proportion of

3tu4ients getting this item correct in the CAI group (78%)

was almost twice that of the W group (41,fl, two people in'

the W group did not answer the question (Table 11)). This
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seems to imply that the W group, on the whole, found item

20 difficult. Another indicator of this fact is that the

proportion of students choosing distracters A and B were
-

nearly equal (29% and 25% respectively) and near that of

the correut answer (41%) in the W group. The proportions in
. .

the cAI group were again distributed similarly to those in

iteM 11.

The W group could,only answer this item on the basis

of verbal information, as the printed illustration in no
\

way indicated how many times P680 is attivated by light:-

The computer version, however, simulated light activating

P680 twice, before one molecule of NADPH forms. Since the

choiCe distributions seem to indicate that many of the W

group students were answering the question based on

intuition, instead of knowledge, perhaps they ruled out

distracter D just because it seemed unlikely. Thus it

appears that the W group either 1) did not learn the

materLal necessary to answer this question, due to

insufficient illuStrations or 2) written material does a

poor job of teaching concepts at a highec learning level.

However, the latter is a broad conclusion to draw based on

the results of one item, despite past findings that CAI can

1-rv,h higher level concepts that books often can not (Bork,

1981).

Item 14 (reproduted below) also had a wide spread in

difficulty indices (86% vs. 55%), and again the material

1

\.

59

6-)

c

L

.....!..-



was presented in different ways in each medium.

14. Based on the equation given in the module how
many electrons (total) can one molecule of
water contribute to photophosphorylation?

A. 1

>B. 2

C. 3

D. 4

The computer program cued on water every time its two

electrons had both been donated to P680, by reprinting the

complete eduation for the splitting of water, next to the

waten molecule. This animation and repetition seemed to aid

learning in the CAI group. The W gr;oup, however, had.to

rely on learning it from thvequation printed beneath the

pathway illustration. Perhaps this difference caused the 21

W group students to choose distracter A. This item

functioned as did item 7, in the respect that the CAI group

z-score of those people correctly answering both items was

0.02. Since both questions relate to numbers of electrons,

I again feel that the specific cue used in the computer

program to illustrat-e-this point may have aided learning in

the "low achievers." Again, perhaps students in higher

achievement leiels acquired the infOrmation from the text.

Thus a broad range of students (test score-wise) answered

the question correctly.

Finally, an examination of item 19 (reproduced below)

provides little conclusive evidence. The difficulty indices
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of the two groups did not vary much, but were significantly

different (Table VI).,

19. Which of the following correctly describes the
sequence followed by electrons which leave P680

(?S II)?

A. cytochromes, Q (plastoquinone), P700
B. P700, Q, cytochromes
C. cytochromes, P700, Q
>D. Q, cytochromes, P700

The text of both media str.e-sl'5e order followed by

electrons, in step-by-step'descriptivls._The only way for a

student to put it together, is to watch the pathway

simulation in the program or look at the pathway

illustration in the written version. The only advantage had

by the CAI group was that of seeing each step animated.

The z-scores for each distracter of item 19, in both

groups, show a similar pattern to those in item 7.

Especially in' that z = 0.02 in the CAI group and 0.46 in

the W group for the correct answer. Since this item was

rather broad, as was item 11, I feel that'cues may have

been less significant here also, with animation and

direction of movement being the keys..

The'general .conclusion to be drawn from the analysis

of these items, is that the illustrations in each type of

media formed the root of the learning differences between

groups. Paivio (1969) suggests that, the effebtiveness,.

or pictures may be due to the possiblity t t pl9tures are
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encoded in bbth verballand.non-verbal storage, with

r,.trieval from both stores being possible. It is my feeling

that the computer Program offered illubrations far

superior in usefulness (in terms of learning) *and quality

than the.written version. For one thing, there was an

illustration on nearly every page. The W group received few

illustrations and were offered text diA-cussion of things

which were not,illustrated. Researchers have proven that

providing a learner with relevant pictures-during a

learnink session facilitates science learning (Holliday,

197; Rigney and Lutz, 1976). For ahother thing, the CAI
4

pictures were sharp and appealing, with Animation to .create

interest and focus attention on aspects discussed in the

text. There we-e only four summary.diagrams presented in

the written version, placed.at the beginning of each major'.
2

section. Thus readers had to rely on their own motivation

to flip the pages back and forth to reEnforce what they had(

just read in the text. This is a common malady of text-

books, in that it is often too expensive to incorporate a

profuse amount of quality illustrations throughout the

text.

Questions incorporated inta the modules may:have also

played a.big role. Questions are supposed to keep ihe

student thinking and provide'regular reinforcement.

-

Howeverl, the necessity of having to search out the answers

may have stifled the usefulness of the questions, as W

6 2
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-group students mai .have skipped looking at the answers, or

ev-...m skipped the queptioRs. With this in mind, it seems

that module questions could have played a role in

increasiflg the achievemeht of the CAI group. This may be a

key to 1tem.7, in which W group students had trouble

determining if one or two electrons aril used to form NADPH.

A fluestion in the module specifically asks where the second

electron comes from. Perhaps many W group.students did not

attempt to answer this question. 'There were also questions

dealing with P680's involvement in the cyclic pathway, and

with the number of hydrogen ions needed to form NADPH. The

point is that mach pertinent information was given ln each

module as a result of students attemp.ting to answer each

question. However, such information was presented tn the

appendix of the written version. If it had been placed in

the text -It would have revealed the answers to the

questions. If individuals in the W group never turned to

the back ,,ar,e for the answers they missed information

needed to fulfill the learning objectives. Even though the

CAI group could press return to pass the explana:tlohs which

followed the questions, the material was easily accessed

r,equirel less effort to examine than 14d the written

-q)ianations. Also, students in the wri--;,group may have

had the impression that information in the appendix was

supplemental and noc necessary for an unierstanding of the

material.
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Aii\other difference between the CAI and written version

qiestions dealt with their wording. Many of the questions

in the computer version relied on 'action that had just

o(:curred on the screen. The equivalent written version

questd s were worded such that the learner was told to

assumP that a particular action had just occurred. This

could have curbed the learning effectiveness mcthe written

version questions relative to the computer questions, for

often students did not have as much to go on when answering

them. Thus they may have had a hard time answering them

correctly. Students in the written group may have become

more discouraged with the,questions than students in the

computer group. This may have ihfluenced the W group

students to skip questions. This tends.to be another

problem commonly associated with textbooks; most books have

to rely on student imagination to set the scene for

questions. There is nothing wrong with this, but one can

not be sure whether one is testing the student's

understanding of the material or his/her imaginative

ability. This is also a bias in the way the written version

was developed; It was copied from the CAI program to make

the two forms of media equivalent. The written version may

been a better teaching tool had it developed

independently of the CAI version.

Finally, the W group received relatle,.,y few cues

tnroughout the module. They had tO rely on their own
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interest to look at, nonetheless analyze, specific portions

of the diagrams. In a study done by Kauchik et al. (1978),

the use of cues tn learning was tested on Lith - 6th

graders.' Three groups of students were all given a written

descr4ptiln of a plant growth experiment and a graph of the

results. Each group received either a.specific cue/ a

general cue or no cue about the graph. Groups were then

tested with questions related to the cue, questions

incidental to the cue and general questions. The cued group

did the best, but only on the cue-related questions. A

similar study by Koran et al. (1980) dealt with high school

students who were given cued and non-cued slides of

monocots and dicots to study. The cued students achieved

higher posttest scores than the non-,cued. I feel that a

similar thing happened in this study. Certain questions

certainly dealt With information which was specifically

cued In the computer module, and not cued in,the writtenc,

version. Thus a difference in learning was evidenced by

significant differences in difficulty indices between the

two groups, for those questions. I feel that the questions

which did not yield significant differences in difficulty

indices between the two groups were either poorly

°:rvstioning questions andhlr they did not re4uire

information which was accentuated by cues, animation or

module questions, to be correctly answerPl.

A look at the item analyses for items 2, 6, 10, 15 and
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16 (good discriminators but did not show a significant

between groups) rev(ials limited differences in

the proportion of students choosing each distracter,

between groups. None of these questions address the same

information; only questions 15 and 16 touch the same

objective, but deal with different pathways. Of piese, item

6 is the only one which may have been accentuated by

animation in the CAI version. The information needed to

answer the other items was not reinforced by cues etc. in

the CAI version any more ftian it was in the written

version. This seems to substantiate the idea that the items

which were not significantly different between groups, did

not rely on information which was highlighted by cues etc.

in the CAI version.
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SI_TIMARY and CONCLUSIONS

A CAI program presenting photophosphorylation at the

level of gpneral college biology was developed. From this,

a printed version was made, almost verbatim. After using-f-

either the computer module or the written version in a

laboratory environment, all students were testes.] using the

same multiple choice objective test. Thp test results

yielded certain conclusi.ons about learning via CAI and

text. On the whole it can be inferred that CAI induces

better learning in students than written material, When

teaChing photophoSphorylation, as measured by the test

employed. This may also be true when tea'ching other

biological pathways which lend themselves to animation. It

was also concluded that, of all treatment groups, the

students reading the written version after the lab work

showed the poorest achievement. Thus, text which is

modelled after CAI material and implemented directly'after

lab work, may reduce the ability of the material to induce

learning.

Ten of the 20 questions were dete'.. . to be good

dis(irtminators,.and 5 of these showed a :..isnificant

difference in correct responses between the computer and

written version groups. Ideally all questions on the test

should have been good discriminators for the purposes of
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this evaluation. From analyzing these selected items at the

distracter level, certain inferences about learning were

made. It '.a..ppears that illustrations can provide a learning

,..axlvantagd in use with certain topics; generally they prove

to be most useful when presented with a verbal

description. More specifically, animated pictures served to

promote higher test achievement in this study. Those

questions which relied on information which had to be

obtained from illustrations, resulted in higher achievement

in the CAI group than in the W group. The major difference

between the illustrations in these two media was the

animation of the computer v sion.

Cues in the illustration seem 'to play an

important role. They were prevalent in the,CAI program, and

many of the questions which showed significant Aifferences

between groups dealt with topics which had been cued in.the

program but not in the written version. Also, those

luestions which seemed to rely on cues revealed a trend in

z-scores for.the correct answers. Based on Student scores

on this test, it seems that cues tend to aid learning in

low achievers more than in high achievers.

Finally, the use of intermittant questions in the text'

of.both modules seemed to be more useful in the CAI

material than in the written version. Test questions which

dealt with material that had been previously covered by

11.0stions in the module, resulted in a bkner proportion of
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correct answers in the CAI group than in the W group. This

suggests that perhaps questions are passed over in written

material and important information is missed, whereas this

is not ,easy to do with CAI material. Students reading the

written material may suffer from decreased motivation to

learn as a result of skipping questions; it has been proven

that intermittant questions in the text can provide

motivation.

It is important to note that the importance of cues,.

,animation and effective questions can not be generalized to

encompass all tutorial/simulation CAI programs. However,

the learning differences between the CAI and written

version groups in this specific study, as indicated by

obj,ective test scores, were mainly attributed to these

factors. To test the application of the major inferences

made here to other CAI and written :material, further

research is needed. The importance that simulation or

animation plays in learning is of prime consideration. Both

still and animated pathways could be presented to groups in

the form of CAI. These situations cou1d include or lack

text descriptions and include or lack cues. It would also

be interesting to test whether learning was,affected by the

lecture and reading assignment prior to the evaluation. It

ip important in such studies to use and revise the test to

used as the evaluation instrument, a number of times

with thse guidance of item analyses. This helps to insure a
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high test .reliability and good discriminating questions

which can be utilized to acquire reliable'information.

Finally, contimang development and rgsearch need to

go info other forms,of media and instruction. Even though

this stud.presulted in certain conclusions pertaining to

the teaching functions of CAI and written material, it is

important to note that the influences of lab work, lecture;

previous readings, etc. can not be sorted out from what was

learned from the module. Perhaps CAI functions best with

text supplements prior to use. Just as other forms of media

work best vilth certain types of information, perhaps CAI is

useful only for teaching certain concepts. To continue

effectively stimulating learning, all forms of media and

teaching must be constantly improved, in order to meet new

challenges and the needs of new students.

4 "s7

70



Literature Cited

Able,:ralliam A. 1980. Simulations: an applied approach
to teaching business, T.H.E. (Journal 7(4):45-49.

Agin, M.L, and C.S. Simonsen 1982. Developing Materials
for Midbocomputers, Microcomputers in Education
(D. Zaldski ed.), ERIC Publication (in press), 12pp.

Ahmann, J.S. and M.D. Clock 1981. Evaluating Student Pro-
gress: principles of tests and measurements, Allyn &
Bacon, Inc., Boston, 508pp.

Alesandrini, K.L. and J.W. Rigney 1981. Pictorial presen-
tation and review strategies in science learning, J.
Res. Sci. each. 18(5):465-474.

Bernard, Ha old W. 1965. Pschology of Learning and
Teachin McGraw-Hill Book Co. 539pp.

Blborri, B.S. (Ed.) 1956. Taxonomy of educational objec-
# Handbook.1: Cognitive Vomain. New York, David

McKay./
'

Bork, A. 1977. Learning via,computer graphics, In:
Computer-Based Science Instruction, (A. Jones & H.
Weinstock eds.) Nordhoff: Leyden.

----, A. 1979. Preparing student-computer dialogs: Advice
to teachers, PCDP, 2 Pebruary.

----, A. 1980a. Interactive learning, In: at21111Euter_12
the School: Tutor, Tool, Tutee (Robert Taylor ed.),
Teachers College Press, NY, pp.53-66.

----, A. 1980b. Learning through 'graphics, In: The Com-
puter in the School: Tutor, Tool, Tutee (Robert Taylor
ed.), Teachers College Press, NY, pp.67-82.

----, A. 1981. Learning with Computers, Digital Press,
Educational Services, Digital Equipment Corp., Bedford,
Mass., 286pp.

Brown, B.R. and R.S. Ellinger 1978. Evaluation, the
neglected step in CAI package development, Pipeline
4(1):4-10.

itundersoql C.V. 1981. Courseware, In: Computer-Based
Instrdbtion A State-of-the-Art Assessment (Harold
O'Neil, Jr., ed.), Academic Press, NY, pp.91-126

71



Carnegie Commission on Higher Education 197/. The Fourth
Revolution: Instructional Technoloto !n Higher
Education, McGraw-Hill, NY.

Chambers, J. and A. Bork 1980. Computer Assisted Learning,
In: T2pics - Computer Education for Elementary and
Secondary Schools, Assoc. for Computing Machinery,
PP. 10.27.

Chambers, J.A. and J.W. Sprecher 1980. Computer Assisted
Instruction: Surrent trends and critical issues, Gcmm.

.of the Assoc. for Com utin Machiner 23(6):332-342.

Christianson R. and R. Krear 1981. Laboratory Scripts for
- General Biolop (BL104), Michigan Technological Uni-

versity Press, Houghton,,MI, 7th Edition, 180pp.

CONDUIT, 197.$....:The state of the art of instuctional
computing; a report from CONDUIT, Pipeline 4(1):14-18.

CONDUIT, 1981. Catalog of CONDUIT reviewed and tested
materials for personal.computers, Pipeline 6(1):27-30.

Curtis, H. and N.S. Barnes 1981. Invitation to Biology,
Worth Publishers, Ino.4 NY, 3rd Edition, 696pp.

Dale; Edgar 1946. Audio-Visual Methods in Teaching, The
Dryden Press, NY; 546pp. .

Deignan, G.M. and R.E. Duncan 1978. CAI, in three medical
training'course: It was effective! BeKavior Res.
Methods and Instrumentation 10(2):228-230.

Duchastel, P.C. 1978. Illustrating instructional texts,
Ed. Tech. 18(11):36-39.

Duncan, D.B. 1955. Multiple range and multiple F tests,
Biometrics 11:1-42.

Eisele, J.E. 1980. A case for computers in instruction,
J. Res. Dev. in Ed. 14(1):1-15.

Elder, C.D. 1975. Problems in the structure and use of
educational simulation, In: Gaming-Simulation:
Rationale, Desigq, and Applications (C.S. Greenblat &
R.D. Duke eds.), John Wiley & Sons, NY, pp.292-310.

venluerg, D. and D. Flatham 1969. Item Analysis Program
and Documentation, 'Div. of Educational Research
Services, Univ. of Alberta, August.

72

70



Fortner, Monica 1979. The Evaluation'of IhStructional
Simulations in Computer Based Educntin: presented at
the National Association of Simulation and Gaming
Conference, Austin, TX, 45pp.

Frenzel, Lou 1980. The personal computer - last chance
for computer aided instruction? Bgte 5(7):86-96.

Pruend, JE., P.E. Livermore, and I. Miller 1960. Manual
of Experimental Statistics; Prentice-Hall, Inc., NY,
132pp.

Heck, W.P., Jerry Johnson and R.T. Kansky 1981. Guidelines
for Evaluating Computerized Instructional Materials,
National Council of Teachers of Mathematics, Inc., VA,
pp.12-16. 4

Herman, T.M. 1977. Creating, Learning Environments, Allyn &
Bacon, Inc., Boston, 278pp.

Holliday, W.G. 1975. The effects of verbal and adjunct
pictorial-verbal information in science instruction,
J. Res. Sci. Teach. 12:77-83.

J&S Software, 1980. Photosynthesis (Apple II BASIC
Diskette) , Port Washington, NY.

Kauchak, D., P. Eggen and S. Kirk 1978. The effect of cue
specificity on learning from graphical materials in
science, J. Res. Sci. Teach 15(6):499-503.

Kehrberg, K.T. 1979. Microcomputer'Software Develop-
ment: New Strategies for a New Technology, Proc.First
National Educational Computing Conference, Iowa City,
pp.343-346.

Koran, J.L., Jr., M.L. Koran and S.D. Baker 1980. Dif-
ferential response to cueing and feedback in the
acquisition of an inductively presented biological
concept, J. Res. Sci."reach. 17(2) :167-172.

Lehninger, Albert L. 1975. Biochemisto.li, ':orth Publishers,
inc., NY, 1104pp.

Luehrmann, Arthur 1978. Pre- and Post-College Computer
Education, Proc. Cothputing in College and University
1978 and Beyond, Gerard P. Weeg Memorial Conference,
Univ. of Iowa, pp.27-33.

Luskin, B.J., T.H. Gripp, J.R. Clark and D.A. Christianson
1972. Everything you always wanted to know about CAI,
In: 22Eputer Uses in Education, Huntington Beach, CA.

73
4

7ti



Magidson, E.M. 1978. Issue overview: Trends in computer-
assisted instruction, Ed. Tech. 18(4):9-8.

McKenzie, J., L.R.B. Elton, and R. Lewis (eds.) 1978.
Interactive Computer Graphics in Science Teaching,
Ellis Horwood Ltd. Publishers, Chichester, 247pp.

Mosmann, Charles f980. Computer-based learning in higher
education - the missing revolution, J. Res. & Dev. Sci.
Educ. 14(1):69-78.

Paden, D.W., B.R. Dalgaard and M.D. Parr 1977. A decade of
computer-assisted instruction, J. Economic Educ. 9(4):
14-20.

Paivio, A. 1969t Mental imagery in associative learning and
memory, Psych. Rev. 76:241-263.

------, A. 1975. Imagery and long-term memory, In: Studies
in Long-Term Memory (A. Kennedy & A. Wilkes eds.), John
Wiley, NY.

Petrakos, Pamela 1981. Project local, 80 Microcomputing,
February, No.14, pp. 74-77.

Rigney, J.W. and K.A. Lutz 1976. Effect of graphic
analogies of concepts in chemistry on learning and
attituae., 212_2,1112_tilsys12. 68:305-11.

Rigney, J.W. and A. Munro 1981. Learning strategies, In:
Computer-Based Instruction A State-of-the-Art Assess-
ment (Harold O'Neil, Jr., ed.) , Academic Press, NY,
pp. 127-159.

Shaltz, Mark 1982. Personal communication, Michigan
Technolgical University, Houghton, MI, January.

Soldan, Theodore 1982. Peraonal communication, Michigan
. Technological University, Houghton, MI, January.

Spain, J.D. 1979. Project Research Proposal: User
Adaptable Microcomputer Graphics for Undergraduate
Life Science Instruction, Submitted to National
Science Foundation, Development in :Thience Education
Div., 29 April, 49pp.

Splittgerber, F.L. 1979. Computer-based instruction:
A revolution in the making? Educ. Tech. 19(1):20-26.

74

oq



Stryer, Lubert 1981. Biochemistry, W.H. Freeman & Co.,

San Francisco, Second Edition, 887pp.

Tsai, S.W. and N.F. Pohl 1980. Computer-assisted
instruction augmented with planned teacher/student
contacts, J. Exp. Educ. 49(2):120-126.

Zar, Jerrold H. 1980. BiostatistLca1 Analysrs, Prentice-
Hall, Inc., 1J, 620pp.

. SI



,

10

Appendix 4

Photophosphorylation Diskette

Attached to the following page is a 16 sector diskette
created for use on an Apple. II Plus Microcomputer.'It
contains all BASIC subprograms which constitute the
educational program entitled Photophosphorylation.
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Appendix B

Photophosphorylation Subprogram Listings

The following BASIC program listings comprise the
educational program entitled Photophosphorylation. The,

subprograms (page numbers in parentheses) in order are
Photophos 1 (B2), Photophos 1.5 (B7), Photophos 2 (B13),

Photophos 3. (1321), Photophos 4 (1327)and Photophos 5 (833).

B1
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100 GOTO 200
11' POKE 103,1
120 CALL 1002
130 CALL 6144
140 PRINT CHR$ (IE.,: INPUT "PLEASE DON'T PRESS <,RESET
> DURING THIS PROGRAH1 KESS ',RETURN,
> TO RESTART THIS PART OF THE PROGRAH...";A$
200 REM THIS PROGRPH HAS DEVELOPED BY THE SUHIT I COURSEHARE DEVELOPMENT

PROJECT, DEPARTMENT OF BIOLOGICAL SCIENCES,.HICHIGAN TECHNOLOGICAL U
NIVERSITY, HOUGHTON, MI 49931

210. REM THIS MATERIAL PS BASED UPON MORK SUPPORTED BY THE NATIONAL SCIEN
CE FOUNDATION UNDER GRANT NUMBER SED-7919051

220 REH ANY OPINION;, FINOIN6t,.AND CoNCLUSIONS OR RECOMMENDATIONS EXPRE
SSED IN THIS PUBLICATION ARE THOSE OF THE AUTHORS AND DO NOT NECESSAR
ILY REFLECT THE vIEHS OF^THE NATIONAL SCIENCE FOUNDATION.

230 REM SUBPROGRAM-(PHOTOPHOs 1,! 0 F PHOTOPHOSDHORYLATION
240 REM BASED ON PUBLICATIORIS 'BY STRYER (4.391) AND LEHNINGER (1975)
250 REM DESIGNED BY CATHERINE LEECE
260 REM PROGRAMMED BY CATHERINE LEECE
270 REM INTITIALIZE 0ARIABLES
280 V3$ = CHR$ (16): PRINT 03$
290 PRINT CHR$ (26); CHR$ (12)
300 REM HAIN PROGRAM
310 VTAB 3:.HTAB (14): PRINT "INTRODUCTION

320 VTAB 6: PRINT " PHOTOSYNTHESIS 1$ THE CONVERSION OF LIGHT ENERGY T
0 CHEMICAL ENERGY HITHIN APLANT. THE REACTIONS INVOLVED TAKE PLA
CE IN THO STAGES.": GOSUB 1190

330 VTAB 1: HTAB k12): PRINT "LIGHT REACTIONS"
r 340 VTAB 4: PRINT " BASICALLY, IN THE FIRST STAGE, LIGHT ENERGY IS USED

TO CONVERT ADP
_TO ATP .

TO PROVIDE THE PLANT HITH USABLE ENERGY. ALSO, iiDP
IS CONVERTED TO NADPH

TO PROVIDE THE HYDROGEN AND ELECTRONS"
350 PRINT "NEEDED TO REDUCE CO
100 TO CARBOHYDRATES. .THESE REACTIONS REQUIRE LIGHT, THUS THEYARE CALLED

THE LIGHT FEACTIONS
DF PHOTOSYNTHESIS, pR PHOTOPHOSPHORYLATION
.": GOSUB 1190
360 -10TAB 1: HTAB (12): PRINT "DARK REACTIONS"
370 VTAB 4: PRINT " IN THE'SECOND STAGE, THE ENERGY PRODUCTS OF TH

BOHYDRATES. PLANTS STORE ENERGY IN
E LIGHT REACTIONS PRE USED TO CONVERT CARBON DIOXIDE TO

38,0 PRINT "THE FoRH oF cARBOHYDRATES. THE REACTIONSOF THE.SECOND STI1GE DO
NOT REQUIRE LIGHT, THUS THEY ARE CALLED THE DAR

390 PRINT 4REACT1ONS
OF PHOTOSYNTHESIS; THEY ACTUALLY TAKE PLACE UNDER LIGHT AND
DARKCONDITIOMS.": GOSUB 1190
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400 VTAB 4: INPOT "PRESS <RETURN
TO SEE A SIMULATIOauF PHOTOSYNTHETIC PRODUCTS BEING FORMED AND USE

D";AT
410 GOTO 570
420 VTAB 1: HTAB (12): PRINT "EEP IN MIND...": VTAB 4: HTAB (1): PRINT "

EVEN THOUGH PRODUCTS APPEARED TO FORMONE AT A TIME IN THE SIMULATI
ON YOU JUsTHH, THESE AND OTHER REACTIONS OCCUR SIMULTANEOUSLY IN
THE PLANT CELL.

425 GOSUB 1190
430 VTAB 1: HTAB .14): PRINT "CHLOROPLASTS"
440 VTAB 4: PRINT " PHOTOSYNTHEtIS TAKES PLACE IN HIGHLY SPECIALI2ED OR

GANELLES, THE CHLOROPLASTSOR CHLOROPLASTIDS, CHLOROPLASTS ARE FOU
ND IN ALL HIGHER PLANTS, BRYOPHYTES" ,

450 PRINT "AND MOsT ALGAE. CHLOROPLASTS EXIST IN THE CYTOPLASM OF PHOTO
-SYNTHETIC CELLS, SUCH AS LEAF CELLS. THE DARK AND LIGHT"

455 PRINT "
REACTIONS OCCUR IN ALL CHLOROPLASTS, BUTEACH OCCURS IN A DIFFERENT LOCATIO

INSIDE THE ORGANELLE: GOSUB 1190
460 VTAB 1: HTAB (13): PRINT "CHLOROPHYLL"
470 VTAB 4: PRINT " THE PIGMENT CHLOROPHYLL IS FOUND IN CHLOROPLASTS.

IT EXISTS IN MANY FORMS HHICH DIFFER IN THEIR STRUCTURE AND THE NAV
ELENGTH OF LIGHT THEY ABSORB. THE LEAVES OF MANY PLANTS ARE GREEN
BECAUSE"

480 PRINT "THEY CONTAIN HIGH AMOUNTS OF CHLOROPHYLLRELATIVE TO OTHER PIGM
ENTS. CHLOROPHYLL ABSORBS VIOLET, BLUE AND RED LIGHT AND REFLECTS, 0
R TRANSMITS, GREEN LIGHT.". GOSUB 1190

480 VTAB 1: HTAB (12): PRINT 4IGMENT SYSTEMS"
500 VTAB 4: PRINT " CHLOROPHYLL AND OTHER PIGMENTS INVOLVED IN TH

E LIGHT REACTIONS OF PHOTOSYNTHESIS MAKE UP TWO PIGMENT SYS TEM
S. THESE SYSTEMS ARE CALLED PIGMENT SYSTEM I AND PIGMENT SYSTEM II

. THEIR"
510 PRINT "FUNCTION IS TO ABSORB LIGHT THAT STRIKESTHE LEAF AND CONVERT T

HE LIGHT TO CHEMICAL ENERGY.": GOSUB 11:-
520 VTAB 4: PRINT " LET'S GO ON AND LOOK AT A SIMjJLTION OF THE PHOTOPH

OSPHORYLATION PATHWAY IN ACTION.": PRINT : PRINT ", DON'T EXPECT TO
UNDERSTAND WHAT'S "

530 PRINT "HAPPENING ON THE SCREEN JUST YET. THIS IS JUST TO GIVE YOU A
FErLING FOR THE PATHWAY AS A WH3LE. THEN WE WILL BREAK IT DONN INT
0 PARTS TO EAMINE HHAT'S HAPPENING AT THE MOLECULAR LEVEL."

540 PRINT : INPUT "WHEN YOU ARE READY TO GO ON...PRESS <RETURN
11;A$

550, PRINT V3$: PR NT "PLEASE BE PATIENT WHILE THE PROGRAM IS LOADING..."
: PRINT CHRZ (4);"RUN PHOTOPHOS 1.5": END

560 REM PHOTOSYN ESIS SUMMARY SIMULATION
570 PRINT V34-
580 VTAB 23: HTAB (6): PRINT "** PRESS <ESC
) KEY TO STOP
590 VTAB 2: PRINT CHR$ (22)
BOO HPLOT 39,70 TO 39,105 TO 99,105 TO 99,30 TO 39,30: HPLOT 179,30 TO 17

9,105 TO :'39,105 TO 239,30 TO 179,30
610 VTAB 8: HTPB .8): PRIi.T "LIGHT": HTAB (7): PRINT "REACTION": VTAB 8: HTAE

(29): PRINT "CARK: HTAB k27): PRINT "REACTION"
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620 VTAB 1: HTAB (8): PRINT "LIGHT
": UTAB 16: HTAB (r): PRINT "H1000"
630 FOR U = 1 TO 20
640 GOSUB 1210: FOR S = 1 TO 2
650 HPLOT 664.8 TO 66,29 T9 70,24: HPLOT 62,24 TO 66,29
660 GOSUB 12.10
670 VTAB 16: HTAB (15: PRINT "H1000"
680 VTAB 16: HTAB (5): SPEED= 150: PRINT "WM 2100 + 2H4 + 1C00100"
1690 GOSUB 1210
700 VTAB 16: HTAB '(1): PRINT "H1000"
710 HCOLOR= 0: HPLOT 66,8 TO 66,29 TO 70,24: HPLOT 62,24 TO 66,29: HCOLOR=7

720 SPEED= 255: VTAB 15: HTAB.(9): PRINT "100": HTAB (8): PRINT " ": 6090
1240: VTAB 15: HTAB (9): PRINT " ": VTAB 13: HTAB (9): PRINT "100"

730 GOSUB 1230: V.TAB 13:'HTAB (9): PRINT
740 GOSUB 1210: VTPB 16: HTAB (9): PRINT " ": UTAB 15: HTAB (9): PRINT "

1

DO": GOSUB 1240: VTAB 15: HTAB (9): PRINT " ": OTAB 13: HTAB (9): PRINT "
100"; GOSUB 1230: VTAB 13: HTAB (9): PRINT " "

750 IF PEEK ( 16384) = 155 THEN 1160
760 GOSUB 1210: VTAB 15: HTAB (13): PRINT "H+": HTAB (13): PRINT " ": 60SUB

1240: VTAB 15:,HTAB (13): PRINT " ": VTAB 13: HTAB (13): PRINT "H-4-":.
GOSUB 1230: OTAB 13: HTAB (13): PRINT "

770 GOSUB 1210: ime 16: HTAB (14): PRINT " '": VTAB 15: HTAB (13): PRINT
"W.": GOSUB 1240: VTAB 15: HTAB (13): PRINT " ": ()TAB 13: HTAB (13):
PRINT "H+".: GOSUB 1230: VTAB 13: HTAB (13): PRINT " "

780 GOSUB 1210: IF PEEK ( - 16384) =-155 THEN 1160
790 NEXT S
BOO VTAB 16: HTAB (5): PRINT "
810 ()TAB 6: HTOB (2t): PRINT ".).": HPLOT 100,43 TO 481,43
820 FOR 0 = 1 TO 3
830 ()TAB 5: HTAB (16): PRINT "P": 00SUB 1240: VTAB 5: HTAB (16): PRINT "

TP

": GOSUB 1240: VTA6 5: HTAB (16): PRINT "ATP
": 60SUB 1240
840 FOR S = 16 TO 22: VTAB 5: HTAB (S): PRINT " ATP .

GOSUB 1240: NEXT : ()TAB 5: HTAB (23): PRINT " AT
": GOSUB 1240: VTAB 5: HTAB (24): PRINT " A": 605U8 1240: VTAB 5: HTAB (25

): PRINT " "

850 IF PEEK ( 16384) = 155 THEN 1160
860 NEXT 0: UTAB 11: HTAB (26): PRINT "e: HPLOT 100,83 TO 181,83
870 FOR I = 1 TO 2: VTAB 10: HTAB (16): PRINT "H": GOSUB 1240: VTAB 10: HTAB(16): PRINT "N
": GOSUB 1240: 0TAB10: HIES (18): PRINT "OPH
": GOSUB 1240: VTAB 10: HTAB (1E): PRINT "AOPH
": GOSUB 1240: VTAB 10:'HTAB (16): PRINT "NA0I:4i

860 GOSUB 1240
890 FOR S = 16 TO 20: OTAB 10: HTAB (6): PRINT " NAOPH
": GOSUB 1240: NEXT : OTAB 10: HTAB (21): PRINT " NAOP
": GOSUB 124u: OTAB 10: HTAB (22): PRINT " NAO
": GOSUB 1240: VTAB 10: HTAB (23): PRINT " NA
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900 GOSUB 1240: ()TAB 10: HTAB (24): PRINT " N
910 GOSUB 1240: ()TAB 10: HTAB (25): PRINT " ": 60SUB 1240: IF PEEK ( 1

6384) = 155 THEN 1160
920 NEXT T
930 HCOLOR= 0: HPLOT 100,43 TO 181,43: HIM (26): VTAB 8: PRINT " ": HPLOT

100,83 TO 181,83: HCOLOR= 3: HTAB (26): ()TAB 11: PRINT " ": HPLOT 179

,30 TO 179,105
940 GOSUB 1210
950 HPLOT 242,0 TO 221,29: HPLOT 17000 TO 192,29: FOR S = 1 TO 4: HTAB (2

9): UTAB (6): PRINT "C0100": IF S = 1 TREN GOSUB 1210: GOTO 970
960 GOSUB 1240
970 HTAB (29): 9TAB (6): PRINT " ": NEXT : HPLOT 179,30 TO 239,30
980- HCOLOR= 0: HPLOT 242,0 TO 221,29: HPLOT 170,0 TO 192,28: HCuLOR= 3

990 GOSUB 1210: VTAB 6: WAS (15): PRINT "<": HPLOT 97,43 TO 178,43
1000 FOR 0 = 1 TO 3: VTAB 5: HMS (25): PRINT "A": GOSUB 1240: WAG 5: HTAB

(24): PRINT."AD": GOSUB 1240: VTAB 5: HIT@ (23): PRINT "ADP
": GOSUB 1240
101'0 FOR S = 22 10 16 STEP - 1: VTAB 5: HMS (8): PRINT "PDP

": 60SUB E240: NEXT : ()TAB 5: HTAB (16): PRINT "DP
": 60SUB 1240: VTAB 5: HTAB (16): PRINT "P ": GOSUB 1240: VTAB 5: HIPS (1

6): PRINT " "

1020 IF PEEK ( - 16384) =.155 THEN 1160
1030 NEXT CI: C-OSUB 1210
1040 HTAB.(15): VTAB 11: PRINT "<": HPLOT 97,83 TO 178,83
1050 FOR 0 = 1 TO 2
1060 VTAB 10: HMS (25): PRINT "N

-

": GOSUB 1240: °TAB 10: HTAB (24): PRINT "NA
": GOSUB 1240: 9-TAB 10: HTAB (23): PRINT "NAD
": GOSUB 1240: UTAB 10: HTAB <22): PRINT "NADP
": GOSUB 1240: UTAB 10: HTAB (21): PRINT "NADP
+": 60SUB 1240
1070 FOR S = 20 TO 16 STEP 1: VTAB 10: HTAB (S): PRINT "NADP

+ ": GOSUB 1240: NEXT : ()TAB 10: HTAB (16): PRINT "ADP .

+ ": GOSUB 1240: uTAB 10: HIAB (16): PRINT "DP
+ ": 60SUB 1240: VTAB 10: HTAB (16): PRINT "P+ ": GOSUB 12401 VTAB 10: HTAB

(16): PRINT "+ "
JNO GOSUB 1240: VTAB 10: HTAB (16): PRINT
1090 GOSUB 1240: IF PEEK ( 16384) = 155 THEN 1160
1100 NEXT Q
1110 HCOLOW= 0: HPLOT 97,43 TO 178,43: WW1- 97,83 TO 178,83: HCOLOR= 3: VTAB

6: HTAB (15): PRINT " ": UTAB 11: HTAB (15): PRINT " ": HPLOT 99,30 TO
99,105

1120 HPLOT 203,106 TO 208,125 TO 212,120: HPLOT 208,125 TO 204,120: VTAB
17: HTAB (27): PRINT "SUGAR OR": WAS (28): PRINT "STARCH": GOSUB 120

0: GOSUB 1200
1130 HCOLOR= 0: HPLOT 208,106 TO 208,125 TO 212,120: HPLOT 208,125 TO 204

,120: HCOLOR= 3: VTAB 17: HTAB (27): PRINT " ": HTAB (28): PRINT
": 60SUB 1210

1140 IF PEEP 4 16384) = 155 THEN 11SO
1150 NEXT U
1160 POKE 16368,0: UTAB I: HUB (8): PRINT "LIGHT
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": SOSUS 1200: PRINT CHR$ (25);V3$
1170 6010 420
1180 REM PAUSE & PRESS RETURN SUBROUTINES
1190 VTAB 24: INPUT "PRESS <RETURN
> TO CONTINUE";A$: PRINT V3$: RETURN
1200 FOR PAUSE = 1 TO 1200: NEXT : RETURN
1210 FOR PA = 1 TO 600: NEXT : RETURN
1220 FOR PA = 1 TO 380: NEXT : RETURN
1230 FOR PA = 1 TO 500: NEXT : RETURN
1240 FOR PA = 1 TO 100: NEXT : RETURN
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100 GOTO 200
110 POKE 103,1
120 CALL 1002
130 CALL 6144
140 PRINT CHR$ (16): INPUT "PLEASE DON'T PRESS <RESET
> DURING THIS PROGRAM' PRESS <RETURN
> TO RESTART THIS PART OF THE PROGRAM.";A$
200 REM THIS PROGRAM WAS DEVELOPED BY THE SUMIT I COURSEHAPE DEHELOPMENT

PROJECT, DEPARTMENT OF BIOLOGICAL SCIENCES, MICHIGAN TECHNOLOGICAL U
NIVERSITY, HOUGHTON, MI 49931

210 REM THIS MATERIAL IS BASED UPON WORK SUPPORTED BY THE NATIONAL SCIEN
CE FOUNDATION UNDER GRANT NUMBER SED-7919051

220 PEM ANY OPINIONS, FINDINGS, AND CONCLUSIONS OR RECOMMENDATIONS EXORE
SSED IN THIS PUBLICATION ARE THOSE OF THE AUTHORS AND DO NUT NECESSAR
ILY REFLECT THE VIEWS OF THE NATIONAL SCIENCE'FOUNDATION

230 REM SUBPROGRAM (PHOTOPHOS 1.5). OF PHOTOPHOSPHORYLATION
240 REM BASED ON PUBLICATIONS BY STRYER (1011) AND LEHNINGER (1975)
250 REM DESIGNED BY CATHERINE LEECE
260 REM PROGRAMMED BY CATHEFTNE LEECE
270 REM INTITIALIZt VARIABLEc,
280 V3$ = CHR$ (16): PRINT V3$:CUE = 0
290 PRINT CHR$ (12)
300 F$ = "
1ABEIJO"
310 8$ = "1 GHKL MO"
320 E$ = "1AJEIBO"
400 REM MAIN PROGRAM/NON-CYCLIC PATHWAY
410 PRINT CHR$ (26); CHR$ (12): GOSUB 1290
420 VTAB 23: HTAB (6): PRINT ".** PRESS <ESC
> KEY TO STOP 44"
430 VTAB 14: HTAB (17: PRINT "LIGHT

440 VTAB 17: HTAB (7',: PRINT "H1000"
450 'FOR 0 = 1 TO 40
460 GOSUB 187): IF PEEK ( 16384) = 155 THEN 1220
470 VTAB 17: HTAB (31): PRINT 11)11: HPLOT 150,108 TO 212,131: GOSUB 1870
480 VTAB 171 HTAB (32): PRINT "P10230": GOSUB 1870: HCOLOR= 0: HPLOT 150,

108 TO 212,131: VTAB 17: HTAB (31): PRINT " ": GOSUB 1880
490 IF 0 = 1 THEN HPLOT 227,67 TO 227,123
500 HCOLOR= 3: VTAB 9: HTAB (33): PRINT " ": GOSUB 1880
510 FOR S = 16 TO 9 STEP - 1: HTAB (32): VTAB S 4. 1: PRINT " ": VTAB

S: HTA8 (32): PRINT "P10230": GOSUB 1900: NEXT
520 IF PEEK ( 16384) = 155 THEN 122a
530 OTAB 9: HTAB (32): PRINT " ": VTAB 8: HTAB (35): PRINT "P10230"
540 VTAB 7: HTAB (36): PRINT "1004: GOSUB 1880: VTAB 7: HTAB (36): PRINT

" ": ()TAB 6: HIAB (35): PRINT "100": GOSUB 1880: VTAB 6: HTAB (35): PRINT

550 VTAB 6: HTAB (34): PRINT "100": GOSUB 1880: ()TAB 6: HTAB (34): PRINT
" ": VTAB 7: HTAB (33): PRINT "100": HTAB (35): PRINT "P10230+": GOSUB

,

1880: UTAB 8: HTAB (33): PRINT "0"
560 IF PEEK ( - 16384) = 155 THEN 1220
570 VTAB 8: HTAB (35): PRINT " ": FOR S = 9 TO 17: VTAB 3: HTAB (32):
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PRINT "P10232+": GOSUB 1900: IF S < 17 THEN VTAB S: HTAB (32): PRINT

": NEXT
580 IF CUE = 2 THEN 630
590 SPEED= 150: VTEIB 17: HTAB (7): PRINT "H1000 1JBO 2100 + 1C00100 + 2H+

": SPEED= 255
600 GOSUB 1870
610 GOSUB 1880': VTAB 17: HTAB (7): PRINT "H1000"
620 GOSUB 1870: GOSUB 1870
630 IF CUE = 2 THEN VTAB 17: HTAB (15): PRINT " ":CUE = 0: GOTO 650

640 VTAB 17: HTAB (14): PRINT "

650 VTAB 16: HTAB (15): PRINT "100":..6OSUB 1880: IF PEEK ( 16384) = 15

5 THEN 1220
660 GOSUB 1870: GOSUB 1870
670 FOR S'=. 15 TO 35: VTAB 16: HTAB (S): PRINT " ": VTAB 16: HTAB (S + 1)

: PRINT 1100": GOSUB 1900: NEXT
680 GOSUB 1880: VTAB 16: HTAB (36): PRINT " ": HTAB (36): PRINT " "

690 VTAB 7: HTAB (33): PRINT " ": GOSUB 1900
700 V = 7: FOR S = 32 TO 11 STEP 1: HTAB (8): VTAB V: PRINT "100": GOSUB

1900: IF S < ) 11 THEN HTAB (8): VTAB V: PRINT
710 IF PEEK ( - 16384) = 155 THEN 1220
720 IF S < 31 THEN V = 8: IF S < 27 THEN V = 9: IF S 22 THEN V = 10: IF

< 17 THEN V = 11: IF S < 13 THEN V = 12
730 NEXT
740 GOSUB 1880
750 VTAB 12: HTAB (11): PRINT " ": HTAB (10): PRINT " ": VTAB (33

0): PRINT ""
760 GOSUB 187a
770 ()TAB 12: HTAB (28): PRINT "ADP
": 60SUB 1870: 608U8 1870: VTAB 12: HTAB (22): PRINT "ATP

"; TAB( 28);" "

780 USUB 1870: FOR S = 22 TO 37: VTAB 12: HTAB (S): PRINT " ATP

": GOSUB 1900: NEXT
790 VTAB 12: HTAB (38): FRINT " AT
": 60SUB 1900: VTA8"12: HTAB (39): PRINT " A
": GOSUB 1900: VTAB 12: HTAB (40): PRINT " ": GOSUB 1860

800 IF PEEK ( - 16384) = 155 THEN 1220
810 VTAB 12: HTAB (40): PRINT "A": GOSUB 1900: VTAB 121 HTAB (39): PRINT

"AD
": GOSUB 1900: VTAB 12: HTAB (38): PRINT "ADP
": GOSUB 1900
820 FOR : = 37 TO 28 STEP 1: VTAB 12: HTAB (S): PRINT "ADP

": GOSUB 1900: NE:T
830 HPLOT 108,106 TO 75,99
640 GOSUB 1870: OTAB 13: HTAB (6): PRINT "P1F330": GOSUB 1870: HCOLOR= 0:

HPLOT 108,106 TO 75,99: GOSUB 1860
85u IF 0 = 1 THEN HPLOT 52,18 TO 52,95: VTAB 3: HTAB (8): PRINT " "

860 HCOLOR= 3: OTAB 13: HTAB (5): PRINT "P1F330 "
870 IF PEEK ( 16384) = 155 THEN 1220
880 HIPS (11): VTAB 12: PRINT " "

890 FOR S = 13 TO 3 STEP 1: HTAB (5): VTAB S + 1: PRINT " ": VTAB S

: HTAB.(5): PRINT "P1F330": i5OSUB 1900: NE,..J
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900 VTAB 3: HTAB (3): PRINT "P1F330 ": 60SUB 1870
910 VTAB 2: HTAB (6): PRINT "100": 60SUB 1890: VTAB 2: HTAB (6): PRINT "

": VTAB 1: HTAB (7): PRINT "100": GOSUB 1890: VTAB 1: HTAB (7): PRINT
" ": HTAB (8): VTAB 1: PRINT "100"

920 HTAB (8n PRINT "2": OTAB 3: HTAB (3): PRINT "P1F330+"
930 60SUB 1870: IF PEEK ( - 16384) = 155 THEN 1220
940 VTA8 3: HTAB (3): PRINT " ": VTAB 3: HTAB (4): PRINT "P1F330+"
950 FOR S = 3 TO 12: HTAB (4): OTAB 8: PRINT " ": HTAB (4): PRINT "P

1F330+": GOSUB 1900: NEXT
960 VTAB 13: HTAB (4): PRINT " P1F330+"
970 FOR S = 8 TO 12: VTAB 1: NTAB (8): PRINT " ": VTAB 1: HTAB (8 + 1): PRINT

"100": 60SUB 1900: NE:j
980 ViAB 1: HTAB (13): PRINT " ": VTAB 2: HTAB (8): PRINT "2": VTAB 2: HTAB

(14): PRINT "100": HTAB (14): PRINT "FERREW:IN"
990 IF PEEK ( - 16384) = 155 THEN 1220
1000 IF CUE = 3 THEN CUE = 0: 0010 1560
1010 IF INT (1.-2 / 2) c > U / 2 THEN CUE = 2: VTAB 2: HTAB (14): eRINT

"; TAB( 16);"10100": GOTO 1200
1020 VTAB 16: HTAB (26): PRINT "H+": HTAB (25): PRINT " ": UTAB 15: HTOB

(26): PRINT "H+': HTAB (26): PRINT " "

1030 FOR S = 26 TO 34: HTAB (8): VTAB 15: PRINT " H+": GOSUB 1900: NEXT
1040 FOR S = 15 TO 5 STEP,, - 1: HTAB (35): )TAB 8: PRINT " ": HTAB (35):

OTAB S 1: PRINT "H+": 60SUB 1900: NEXT
1050 VTAB 17: HTAB (11): PRINT "
1060 FOR S = 14 TO 21: VTAB 2: HTAB (8): PRINT " 10 DO": GOSUB 1900: NEXT

1070 IF PEEK ( 18384) = 155 THEN 1220
10814 VTAB 2: HTAB (23): PRINT " ": VTAB 5: HTAB (25): PRINT "100": GOSUB

1900: VTAB 2: HTAB (25): PRINT " ": VTAB 5: HTAB (27): PRINT "100": GOSUB
1900

1090 FOR S = 25 TO 29: VTAB 5: HTAB (8): PRINT " 10 DO": GOSUB 1890: NEXT

1100 ()TAB 5: HTAB (33): PRINT " ": VTAB 1: HTAB (13): PRINT "
GOSUB 1880: VTAB 5: HTAB (31): PRINT " 100": VTAB 5: HTAB (33): PRINT
" ":.VTAB 3: HTAB (14): PRINT "FERRENCIN"

1110 VTAB 4: HTAB (29): PRINT "NADP H
": 608VB 1870: GOSUB 1870: ()TAB 2: HTAB ( PRI "NADPH

": VTAB 4: HTAB (29): PRINT "
1120 IF PEEK (.- 16384) = 155 THEN 1220
1130 609U9 1880: FOR S = 29 TO 35: VTAB 2: HTAB (6): PRINT " NADPH

u: 60SUB 1900: NE:T
1140 IITAB 2: HTAB (36): PRINT " NADP
": 60SUB 1900: 0TAB 2: HTAB (37): PRINT " NAD
": 60SUB 1900: VTAB 2: HTAB (38): PRINT ",NA
u: 60SUB 1900: OTAB 2:,HTAB (39): PRINT " N": GOSU8 1900
1150 ()TAB 2: HTAB (40): PRINT " ": 60SUB 1860
1160 IF (0 / 2) / 2 c INT (0 / 2) / 2) THEN CUE = 3: VTAB HTAB (1

3): PRINT " ": GOTO 1190
1170 VTAB 4: HTAB (40): PRINT "N": 60SUB 1900: VTAB 4: HTAB (39 : PRINT "

NA
": 60SUB 1900: UTAB 4: HTAB (38): PRINT "NAD
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": 60SUB 1900: ()TAB 4: HTAB (37): PRINT "NADP
": GOSUB41900: ()TAB 4: HTA8 (36): PRINT "NADP
+": GOSUB 1900
1180 FOR S = 35 TO 29 STEP - 1: ()TAB 4: HTAB CS): PRINT "NADP+
": GOSUB 1900: NEXT
1190 IF PEEK ( 16384) = 155 THEN 1220
1200 NEXT 0

)1210 REM END SIMULATION / PRESENT MENU
1220 POKE - 16368,0: VTAB 14: HTAB (17): PRINT "LIGHT
": GOSUB 1860
12:30 ()TAB 23: PRINT CHR$ (5): ()TAB 23: INPUT "PRESS <RETURN
> HHEN YOU HAVE FINISHED LOOKING AT THE PATHOAY FOR NOH.";A$
1240 PRINT CHR$ (25);(13$: PRINT " NOH THAT YOU HAVE SEEN THE WHOLE

PATHWAY, LET'S BREAK IT DOWN AND EXAMINETHE PARTS,, WE WILL START BY
LOOKING AT"

1250 PRINT "THE TWO PIGMENT SYSTEMS INVOLVED IN PHOTOPHOSPHORYLATION,
PIGMENTS SYSTEM I AND PIGMENT SYSTEM II

II

1255 PRINT : PRINT "YOU HILL GET A CHANCE TO REVIEW THIS AGAIN AT THE
END OF THE PROGRAM, AFTER THE SUMMARY."

1260 PRINT : INPUT "PRESS.<RETURN
> TO CONTINUE";A$
1270 PRINT V3$: PRINT "PLEASE BE PATIENT WHILE THE PROGRAM IS

": PRINT CHR$ (4);"RUN PHOTOPHOS 2": END
1280 REM DRAW PATHWAY SUBROUTINE
1290 PRINT CHR$ (25);0$: HCOLOR= 3: HTAB (1): ()TAB 12: PRINT

;"ENERGY
"; CHR$ (25)
1300 HTAB (TAB 1: PRINT "HIGH": HTAB (8): PRINT "Z": HTAB

"2FERREDOXIN": HTAB (1): VTAB 17: PRINT "LOW"
1310 WAY 3: HTAB (i2): PRINT ">": HPLOT 162,20 TO 181,20
1320 HPLOT 57,11 TO 79,19
1330 VTAB 2: HTAB (27): PRINT F$.
1340 ()TAB 4: HTAB (29): PRINT "NADP
+11

1350 FOR S = 2 TO 15 STEP 3: HTAB (3): ()TAB S: PRINT "-": NEXT
1360 HTAB (33): VTAB 8: PRINT "0"
1370 VTAB 17: HTAB (32): PRINT "P10230"
1380 VT1I 6 13: HTAB (6): PRINT "P1F330+"
1390 ()TAB 3: HTAB (8): PRINT 11,0
1400 HPLOT 52,18 TO 52,92
1410 VTAB 9: HTAB (33): PRINT "An
1420 HPLOT 227,67 TO 227,123
1430 ()TAB 11: HTAB (19): PRINT "CYT"
1440 VTAB 13: HTAB (11): PRINT "01
1450 ()TAB 10: HTAB (24): PRINT $
1460 HPLUT 221,62 TO 147,80: HP OT 123,86 TO 72,100
1470 ()TAB 9: HTA8 (11): PRINT " YT"
1480 ()TAB 12: HTAB (28): PRINT DP
.

0 VTAB 5: HTA'Ei (14): PRINT E$
1500 VTAB 5: HTAB (16): PRINT "ADP
a

131 0

LOADING...

CHR$ (23)
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1510 VTAB 12: HTAB (9): PRINT "1LO"
1520 HPLOT 102,25 TO 79,63: HPLOT 73,73 TO 63,87
1530 HPLOT 0,170 TO 279,170
1540 VTAB 19: PRINT fCHR$ (22): RETURN
1550 REM CYCLIC PATHWAY
1560 \FOR R = 1 TO 2: VTAB 2: HTAB (14): PRINT " = 14
1570 IF PEEK ( 16384) = 155 THEN 1220
1580 FOR S = 4 TO 11: VTAB S: HTAB (0): PRINT "MO": GOSUB 1900: VTAB S: HTAB

(H): PRINT
1590 IF S c 7 THEN H = H 1: GOTO 1610
1600 IF S > 7 AND S < 10 THEN H = H 1: GOTO 1610
1610 1EXT
1620 VTAB 12: HTAB (10): PRINT "100": GOSUB 1880: VTAB 12: HTAB (10): PRINT

" ": HTAB (10): PRINT " "

1630 VTAB 3: HTAB (14): PRINT "FERREDOXIN": VTAB 5: HTAB (16): PRINT "ADP

'14 GOSUB 1870: GOSUB 1870: VTAB 7: HTAB (16): PRINT "ATP
": VTAB 5: HTAB (16): PRINT " "

1640 GOSUB 1870: FOR S = 16 TO 37: VTAB 7: HTAB OD: PRINT " ATP
": GOSUB 1900: NEXT
1650 IF PEEK ( - 16384) = 155 THEN 1220
1660 VTAB 7: HTAB (38): PRINT " AT
": GOSUB 1900: VTAB 7: HTAB (39): PRINT " A": GOSUB 1900: VTAB 7: HTAB (40

): PRINT " ": GOSUB 1860
1670 VTAB 5: HTAB (40): PRINT "A": GOSUB 1900: VTAB 5: HTAB (39): PRINT "

OD
": GOSUB 1900: VTAB 5: HTAB (38): PRINT "ADP
": GOSUB 1900
1680 FOR S = 37 TO 16.STEP 1: VTAB 5: HTAB (S) PRINT "ADP
": GOSUB 1900: NET

5 1690 IF PEEK ( 163840 = 155 THEN 1220
1700 HPLOT 108,106 TO 75,99: 60SUB 1870: VTAB 13: TAB (6): PRINT 11P1F33

0": OOSUB 1870: HCOLOR= 0: HPLOT 108,106 TO 75, 9: GOSUB 1880
1718 HCOLOR= 3: VTAB 13: HTAB (5): PRINT "P1F330 "
1720 HTAB (11): VTAB 12: PRINT " "

1730. FOR S = 13 TO 3 STEP 1: HTAB (5): VTAB S + 1: PRINT " ": VTAB
S: HTAB (5): PRINT "P1F330": GOSUB 1900: NEI.

1740 VTAB 3: HTAB (3): PRINT "P1F330 ": GOSUB 1870
1750 VTAB 2: HTAB (6): PRINT "1D0": SMUG 1890: UTAB 2: HTAB (6): PRINT "

": VTAB 1: HTAB (7): PRINT "100": GOSUB 1890: VTAB 1: HTAB (7): PRINT
" ": HTAB (8 VTAB 1: PRINT "MO"

1760 GOSUB 1870: IF PEEK ( 16384) `= 155 THEN 1220
1770 VTAB 3: HTAB (3): PRINT " ": UTAB 3: HTAB (4): PRINT "P1F330+"
1780 FOR S = 3 TO 12: HTAE (4): VTAB S: PRINT' ": HTAB (4): PRINT "

P1F330+": GOSUB 1900: NEXT
1790 VTAB 13: HTAB (4): PRINT " P1F330+"
1800 FOR S = 8 TO 12: VTAB 1: HTAB (S): PRINT " ": VTAB 1: HTAB (6 + 1): PRINT

"100": GOSUB 1900: NEXT
1810 VTAB 1: HTAB (13): PRINT ".": ()TAB 2: HTAB (8): PRINT "Z": VTAE: 2: HTAB

(14): PRINT "1D0": HTAB (14): PRINT ."FERREDONIN"
1820 GOSUB .187A
1830 NEXT VTAB 3: HTAB (13): PRINT "2"

Eli
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1840 VTAB 2: HTAB (14): PRINT "141; TAB( 16): PRINT "100": 60TO 1170
1850 REM PAUSE SUBROUTINES
1860 FOR PAUSE = 1 TO 1200: NEXT,: RETURN
1870 FOR PA = 1 TO 200: NEXT : RETURN
1880 FOR PA = 1 TO 150: NEXT : RETURN
1890 FOR PA = 1 TO 80: NEXT : RETURN
1900 FOR PA = 1 TO 55: NEXT : RETURN
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100 'CATO 200
110 PCIF.E 103,1
120 CALL 1002
130 CALL 6144
140 PRINT 'ICHR$ (16): INPUT "PLEASE DON'T PRESS (RESET
> DURING THIS PROGRAM; PRESA RETURN
> TO RESTART THIS PART'OF TH'E PRO6RA11.";A$4
200 REM THIS PROGRAM WAS DEVELOPED BY THE SUMIT I COUSEWARE DEVELOPMENTPROJECT, DEPARTMENT OF BIOLOGICAL SCIENCES. MICHIGAN TECHNOLOGICAL UNIVERSITY, HOUGHTON, MI 431
210 REM THIS MATERIAL IS BASED UPON WORK SUPPORTED BY THE NATIONAL SCIENCE FOUNDATION UNDER GRANT NUMBER SED-7919051
220 REM ANY OPINIONS; FINDINGS, AND CONCLUSIONS OR RECOMMENOATIONS EXPRE

\ SSED IN THIS PUBLICATION PRE THOSE OF THE AUTHORS AND DO NOT NECESSARILY REFLECT THE VIEWS OF THE NATIONAL.SCIENCE FOUNDATION .230 REM SUBPROGRAM (PH)TOPHOS 2'1 OF PHOTOPHWHORYLATION240 REM BASED'ON PUbLIUHI 1U4 Y STRYER (1981) AND.LEHNINGER (1975)250 REM DESIGNED BY CATHERINE LEECE
260 REM PROGRAMMED BY CATHERINE LEECE
270 REM INTITIALIZE VARIABLES
280 V3$ = CHR$ (16): PRINT V3$
290 PRINT CHR$ (12)
300 F$ = "
1ABEIJO"
310 8$ = "1 GHKL MO"
320 E$ = "IAJEI80"
400 REM -.MAIN PROGRAM
410 PRINT CHR$ (26); CHR$ (12): GOSUB 1750
420 PRINT "THIS DIAGRAM REPRESENTS PART OF THE PHOTOPHOSPHORYLATION P,ATHWAY. THE COMPONENTS OF THIS PATHWAY HERE DETER- MINED THROU

GH EXPERIMENTATION WITH CHLOROPLASTS.": GOSUB 1970430 PRINT "THE REACTIVE CHLOROPHYLL MOLECULE IN PIGMENT SYSTEM I (PS I

) IS CALLED P1F33:"
44Y VTAB 14: HTAB (8: PRINT "A": HTAB (7): PRINT "PS I,
": GOSUB 1970
450 VTAB 14: HTAB .8 I: PRINT " ": HTAB (7): PRINT " ": VTAB 19: PRINT

"THE REACTIVE CHLOROPHYLL MOLECULE IN PIGMENT SYSTEM II (PS II) IS CALLED PF10230."
460 ()TAB 17: HTAB (24',: PRINT "PS II

": GOSUB 1970
470 VTAB 17; HTAB (24): PRINT "
hoc' OMB 19: PRINT "WHEN THE APPROPRIATE COLOR OF LIGHT . STRIKES PS iOR PS II
, AN ELECTRON IN THE REACTIVE MOLECULE (P1F330 OR P10230) IS RAISED TO AM EXCITED STATE.": GOSOP 197u
490 PRINT "THIS MEANS THAT THE REACT1vE MOLECULE ISRAISED ABOVE ITS GROUNSTATE TO A HIGHER ENERGY LEVEL. THIS ACTIvATEs THE ELECTRON SO

IT,MAY BE PASSED TO AN ACCEPTOR MOLEWLE.": GOSUB 1970
500 PRINT "AS WE LOOK AT EACH ELECTRON ACCEPTOR, KEEP IN MIND THAT A MO

LECULE HILL NuT ACCEPT AN ELECTRON UNLESS IT IS ALREADY LACKING AN

813



,
,

ELECTRON.": GOSUB 1970
510 INPUT "TO SEE WHAT HAPPENS WHEN LIGHT STRIKES PS II

, PRESS <RETURN

. 520 PRINT V3$: VTAB 14: HTAB (17): PRINT "
LIGHT
": GOSUB 1880
530 VTAB 17: HTAB (31): PRINT ">": HPLOT 150,108 TO 212,131: GOSUB 1980
540 VTAB 17: HTAB (32): PRINT "P10230": tOSUB 4980: HCOLOR= 0: HPLOT 150,

108 TO Z12431:: VTAB 17: HTAB (31): PRINT " ": GOSUB 1980
550 HPLOJ 227,67 TO 227,123: HCOLOR= 3: VTAB 9: HTAB (33): PRINT " ": GOSUB

1980
560 FOR S-= 16 TO 9 STEP . 1: HTAB (:32): VTAB S. + 1: PRINT " "; VTAB

S: HTAB (32): PRINT "P10230": GOSUB 2010: -NEXT
WO ()TAB 9: HTAB (32).: PRINT " ": VTAB 8: HTAB (35): PRINT "P10230"
580 ()TAB 7: HTAB (36): PRINT "1DO": GOSUB%WO: VTAB 7: HTAB (36): PRINT

" ": LITAB 6: HTAB (35): PRINT "1170": GOSUB 1990:-VTAB 6: HTAB (35): PRINT
II IS

.590 VTAB 6:,HTAB (34): PRINT "1170"CGOSUB 1990: VTAB 6: HTAB (34): PRINT
" ": ()MBA?: HTAB (13): PRINT "1.00"- HTAB Op: PRINT "P10230-01

600, GOSUB 1990: VTAB 8: HTAB (33): PRINi4"Q"
610 VTAB 19: PRINT "P10230 HAS DONATED THE EL TROIA AND MILL NOM RETURN

TO A LOWER ENERGY LEVEL. THE + SIGN INDICATES THAT THE MOLECULE IS
. MISSING'AN ELEtTRON, THUS IT IS POSITIVELY CHARGED.": GOSUB 1

. 970
&20 VTAB 8: HTAB (35): PRINT " ": FOR S = 9 TO 17: ()TAB S: HTAB (32):

PRINT "P10230+": GOSUB 2010: IF S < 17 THEN VTAB S: HTAB <32): PRINT
": NEXT

830 VTAB 19: INPUT "P10230 NOW DRAWS AN ELECTRON AWAY FROM A MOLECULE OF
'HATER. THIS CAUSES THE WATERI1OLECULE.TO SPLIT, THUS OXYGEN IS
RELEASED FROM THE PLANT. TO SEE THE ELECTRON TRANSFER PRESS <RETU
RN

.".A$ .

640 PRINT V3$: SPEED= 100: UTflB 17: HTAB (7): PRINT "H1000 1JBO 2100 + 1C
00100 + 2H+": SPEED= 255

650 GOSUB 1980
880 VTAB-17: HTAB (14): PRINT q "; ()TAB 16: HTAB (15): PRINT "100"
670 GOSUB 1980
680 FOR S = 15 TO 35: FOR PA = 1 TO 100: NEXT : VTAB 16: HTAB (S): PRINT-

" -" VTAB 16: HTAB (S + 1): PRINT "1
DO": NEXT-
890 GOSUB 1990: VTAB 16: HTAB ( 36 ): PRINT " ": HTAB (36 ): PRINT " "

700 ()TAB 19: PRINT "P10230 ACCEPTED THE ELECTRON IT NEEDED, THUS IT RET
URNED TO ITS GROUND STATE,OTWILL REMAIN AT THIS ENERGY LEVEL UNTIL

.IT PICKS UP MORE LIGHT WAV$S OF THE A.PPROPRIATE HAVELENGTH.": GOSUB
1970 '

710 PRINT "MEANWHILE, THE EXCITED ELECTRON IS PASSED BY 'Q', A MOLEC
q!_E OF PLASTO QUINONE, TO A SERIES OF CYTOCHROMES AND OTHER ELECT
RON CARRIERS WHICH ACT AS ELECTRON ACCEPTORS AND DONORS.": GOSUB 1
970

720 PRINT dAS THE ELECTRON IS PASSED IT LOSESISOME OF ITS ENERGY TO EACH
ELECTRON CARRIER. THIS ENERGY DRIVES THE SPONTANEOUS 'DOWNWARD M
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OVEHENT' OF ELECTRONS.". GOSUB 1970 e

730 PRINT ?EVEN THOUGH THE ELECTRON LOSES ENERGY, ASIT PASSES THROUGH THE
CYTOCHROME CHAIN, IT IS STILL AT A RAISED ENERGY LEVEL, , -RELATIVE TO
IT'S INITIAL ENERGY LEVEL, HHEN It-IS FINALLY A&CEPTED BY.P1F330.":
GOSUB 1970 , .

740 PRINT "DURING THE.ELECTRON TRANSFER, SOME . ENERGY IS CAPTURED TO
FORM A HIGH ENERGYMOLECULE.": PRINT INPUT "PRESS <RETURN

> TO SEE THIS HAPPEN";A$ .
4..

750 PRINT V3$: VTAB 7: HTAB (33): PRINT " ": HTAB (3J): PRINT "Q": GOSUB
2000 .

. .

760 V = 7: FOR $ = 32 TO, 11 STEP - 1: HTAB (S): VTAB V: RRINT "1D0": GOSUB
2000: IF $ < .11 THEN HTAB (S): VTAB V: PRINT "'"

770 IF S < 31 THEN V = 8: IF S < 27 THEN V = 9: IF S < 2 THEN V = 10: IF

780 NEXT
S < 17 THWV = 11: IF < 13 THEN V = 12.

1

790 GOSUB 1990 .

800.. VTAB 12: HTAB (11): PRINT " ": HTAB (10): PRINT
810 GOSUB 1980 4.-

820 VTAB'12: HTAB (28):-PRINT "ADP
.

":.GOSUB 1980: VTAB 12: HTAB (22): PRINT "ATP
"; TAB( 28);" "

. .

B30 GOSUB 1980: FOR S = 22 TO 37:'VTAB 1: HTAB (S): PRINT " ATP
": GOSUB 2010: NEXT
840 VTAB 12: HTAB (38): NINT." AT / .

': GOSUB 2010: UTAB 12: HTAB (39): PRINT " A": GOSUB 2010: VTAB 12: HTAB (
40): PRINT " "- GOSUB 1980: GOSUB 1990

850 VTAB 12: HTAB (40): PRINT lib": GOSUB 2g10: VTAB 12: HTAB (39): PRINT
"AD

.": GOSUB 2010: VTAB 12: HTAB (38): PRINT "ADP .

": GOSUB 2010 , -

860 FOR S = 37 TO 28 STEP 1: VT1=0 12: HTAb (S): PRINT
": GOSUB 2010: NEXT

870 UTAB 9: HTAB (33): PRINT "^": HPLOT 227,67 TO 2 7,i23 -

880 VTAB 19: PRINT "AS THE ELECTRON HAS PASSED ALOtG,THE SERIES OF CYT
OCUROMES, THE ENERGY NEEDEDTO JOIN ADP '

AND INOOBANIC PHOSPHATE HAS TRAPPED. THUS A MOLECULE OF RIP
HAS FORMED."- GOSUB 1970 1

890 PRINT "WOULD YOU LIKE A DEFINITION OF ATP
": INPUT A$
900 IF- LEFTS (A$,1) = "N" THEN PRINT : i?RINT "OKAY, HL WILL GO ON...": GOSUB

, 1970: GOTO 940
910 IF LEFT$ (A$,1) < > "Y" THEN PRINT : INPUT "PLEASE RE-ENTER YES OR

NO. ."%;A$1 GOTO 900
920 PRINT V3$: PRINT "ATP .

FUNCTIONS AS THE MAJOR CARRIER OF CHEMICAL ENERGY IN THE CELLS OF ALL
LIVING ORGANISMS. AS IT TRANSFERS ENERGYTO OTHER MOLECULES IT LOSE

S ITS TERMINALPHOSPHAT GROUP AND BECOMES*ADP .

.'i: GOSUB 1970
930 RRINT "ADP .

CAN ACtEPT CHEMICAL ENERGY BY ---.-SAI NG A PHOSPHATE GROUP, THUS IT

\--N-7
, AftBECOMES ATP

,
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IN THE CASE OF PLANTS, ATP .

FORMS AT THE EXPENSE OF,SOLAR.ENERGY.": GOSUB 1970 .

940 PRINT "IT IS BECAUSE OF THIS LIGHT ACTIVATED PHOSPHORYLATION OF ADP
.

TO FORM.ATP
, THATTHE LIGHT REACTIONS OF PHOTOSYNTHESIS WERE NAMED 'PHOTO PHOSPHOR

YLATION.": WSUB 1970
950 PRINT "ATP

MOLECULES MOVED TO AW)FROM THE PATHWAY TO REPRESENT THE USE OF ATP

AND ADP

AND THE REPLENISHMENT OF ADP
BY THE DARKREACTIONS OF PHOTOSYNTHESIS ELSEWHFRE INTHE CHLOROPLASJ.": GOSUB

, 1970
980 VTAB INPUT "NOW, WHAT'WILL. CAUSE P1F330 TO BE BWED TO A HIGHER ,

ENERGY LEVEL? ";A$ )
vo IF LEFT$ (A$,2> = "LI" OR' LEFT$ (A$',3) = "PH" OR 1.EFT$,(A$,3) = "S

UN" THEN PRBOT : PRINT "YOU ARE,d'ORRECT!": GOSUB 1970: GOTO 1010
975 IF LEFT$ (A$42) = "EN" THEN PRINT': PRINT "OU ARE CORRECT, IF YOU

. ,REAN LIGHT ENERGY.":: GOSUB 1970: GOTO 1010
980 'IF As = "" THEN PRINT i INny TLEASE TRY TO ANSWER THE QUESTI00-";A

$: GOTb 970
980 IF FLAG = 1 THEN PRINT T$: PRINT "YOU ARE INCORR CT AGAIN.": tOSUB

GOTO 1010
1000 pRINT V3$: INPUT "SORRY, YOU ARE INCORRECT. THINK OUT WHAT HAPPE

NED TO P10230 AND TRY TO ANSWER AGAIN-"%1A$:FLAG = 1: ;OTO 970
1010 PRiNT "TUE COLOR OF LIGHT APPROPRIATE FOR PS I
STRIKES A REACTWEMOLECULE OF P1F330. THUS AN Ek.ECJRON IS EXCITED, CA'*,

USING P1F330 TO BE RAISED TO A HIGHER ENERGY LEVEL.": GOSUB 197
0

10 '20 kgyp '19: PRINT "IF THE LIGHT SOURCE IS TURNED OFF, THE thATIRE PATHW
AY 'SHUTS DOWN' AT THE REACTIVE CHLOROPHYLL MOLECULES THAT'IS,N
WELECTRONS bAN'BE PASSED FROM THESE 'MOLECULES iN THE OciK.": GOSUB
19-e0

1030 INPUT "WHAT MUST BE MISSING FROM A P1F330 MOLECULE, AT THE MO
*LECULAR LEVEL, BEFOREIT CAN ACCEPT AN ELECTRON FROM A cm- CHROME M
OLECULE? "IN

1040 IF°A$ = "" THEN1 INPUT "PLEASE TRY TO ANSWER JHE QUESTION-";A$: GOTO
1040 \,

1050 IF LEFTS (1-4,4) = "AN E" OR LEFT$ (A5,3) = "A E" OR LEFTS (A$.1) .=
"E" THEN PRINT V3$: PRINT "ELECTRON' LS CORRECT!": PRINT : GOTO 107
0

1080 PRINT V3$: PRINT "SCIRRY, ";11$;" IS INCORRECT.". PRINT : PRINT "RtM
EMBER, A MOLECULE CANNK ACCEPT AN ELECTRON UNLESS IT IS MISSING AN --

ELECTRON.". GOSUB 1970: GOTO 1080
1070 PRINT 'YOU REMEMBERED THAT A MOLICULE.CANNOT ACCEPT AN ELECTRONIIN

LESS IT IS ALREADY MISSING N ELECTRON.": GOSUB 1970
P1080 INPUT "TO SEE HHPI HPPPEt WHEN LIGHT STRIKES PS I

, PRESS"<RETURN
>.";A$
1000 PRINT V8$: HPLOT 108.106 TO 75.99
1100 60SUB 1980: VTR 13! OTAB (6): PF3INT "P1F330": GOSUB 1980: HCOLOR= 0

: HPLOT 108.106 TO 75,99: GO9U8 1980

816
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1110 HPLOT 52,18 TO 52,95: VTAB 3: HTAB (8): PRINT " ": GOSUB 1980: HCOLOR=
3

1120 HTAB (11): VT11B,12: PRINT " "

1130 FOR S = 13 TO 3 STEP 1: HTAB (6): VTAB S + 1: PRINT ' ": VTAB-
, S: HTAB (6): PRIM' "P1F330": GOSUB 2010: NEXT
1140 VTAB 3: HTAB (3): PRINT T1F330 ": GOSUB 1980
1150 VTAB 2: HTAB (6): PRINT "100": GOSUB 1990: ()TAB 2: HTAB (6): PRINT q

": .VTAB 1: HfAB (7): PRINT "1001I: GOSUB 1990: ()TAB 1: HTAB (7): PRINT
. " ": HTAB (8): UTAB 1: PRINT "100"
1160 HTAB (8): PAINT "Z": VTAB 3: HTAB (3): PRINT "P1F330+"
1170 GOSUB 1980: GOSUB 1990
1180 VTAB 3: HTAB (3): PRINT " P1F330+": GOSUB 2010
1190 FOR S =43 TO 12: HTAB (8): ()TAB S: PRINT " ": HTAB (6): PRINT "

P1F330+": GOSUB 2010: NEXT
1200 VTAB 19: PRINT "P1F330 IS NOW AT A LOHERENERGY LEVEL BUT HILL NOT R

ETURN TO ITS GROUND STATE- UNTIL IT ACCEPTS ANOTHER ELECTRON.": GOSUB
1970

1210 PRINT "THE MOLECULE"Z' NOW PASSES THCELECTRONDOWN AN ENERGY GRADIE
NT TO FERREDOXIW, AN IRON PROTEIN.": PRINT : INPUT "PRESS <RETURN

> TO SEE THE TRANSFER.";A$
1220 PRINT V3S
1230 FOR S = 8 TO 12: VTAB 1: HTAB CS): PAINT "

110:": GDSUB 2010: NEJ
1240 VTAB 1: HTAB (.13):- PRINT " ": VTAB GL HTA (8): PRINT

(14): PRINT "1[10": HTAB (13): PRINT "FERREDVINd "
1250 VTAB 3: HTAB (8): PRINT ",ot: HPLOT 52,18 0 52,92
1260 VTAB 19: PRINT."IF THERE IS SUFFICIENT NADP
+ TO ACCEPT ELECTRONS FROM FERREDOXIN, THEN

S ELECTRONS TO NADP
+. FOR EVERY TWO ELECTRONS DONATED, ONE MOLECULE OF NAOPH
IS FORMED.": GOSUB 1970.
1270 PRINT "WOULD YOU LIKE A DEFINITION OF NADP
"' IAPUT AS,

1280 IF LEFTS (A$,1) = "y" THEN PRINT : PRINT "OKAY, kE HILL CONTINUE'D
ISCUSSING THE TWO ELECTRONS NEEDED TO FORM N50PH

.": GOSUB t870: GOTO 1320
1290 IF LEFT$ (A$;1) < "Y" THEN PRINT : INPUT "PLEASE RE-ENTER YES 0

R NO. .";AS: GOT') 1280
1300 PRINT V3$: PRINT "NliD
P IS AN ORGAN4C MOLECULE THAT CARRIESELECTRONS FROM ELECTRON DONORS TO

ELECTRON ACCEPTORS.": GOSUB 1970 ,

1310 PRINT "IN THIS, CASE, NADP
ACCEPTS ELECTRONS FROM FERREDOXIN AND CARRIES THEM TO THE PART OF THE

CHLOROPLAST WHERE THE DARK REACTIONS OCCUR.": GOSUB 1970
1315 PRINT "THE ELECTRONS ARE THEN DONATED TO AtiAIL-ABLE ELECTRON ACCEPTO

RS IN THE DARk REACTIONS.". GOSUB 1970
1320 INPUT "FROM HHAT MOLECULE INpkyo IN THIS PATHWAY DO YOU THINK

\THE SECOND ELECTRONCOMESf ";A$
1330 IF AS "" THEN PRINT : INPUT "PLEASE TRY TO ANSWER THE QUESTION-";

A$: GUM 1330
1340 IF LEFT$ (A$,2) = "HA" OR LEFTS (A$,2) = "He OR LEFT$ (A$,3) = "

P68" THEN PRINT : PRINT "'WATER' IS THE BEST ANSHER.": GOSUB 1970: GOTO
1370

": VTAB 1: HTAB (S + 1): PRIN

"Z": VTAB 2: HTAB

FERREDOXIN DONATES IT

IC>
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1350 IF FLAG = 2 THEN PRINT "YOU ARE INCORRECT AGAfN.":. GOSUB 1970: GOTO

1370
1360 PRINT V3$: PRIM "'"A$;" IS INCORRECT.": INPUT "THINk, ABOUT WHERE

THE FIRST ELECTRON CAME FROM AND TRY TO ANSHEA AGAIN-";A$rFLAG = 2

: GOTO 1340
1.370 -PRINT V3$: PRINT "THE SECOND-ELECTRON HILL COME FROM P10230,HHICH OR

...46INALLY ACCEPTED IT FROM WATERAT WILL FOLLOW THE SAME PATHWAY THAT

THEFIRST (ELECTRON DID BECAUSE A MOLECULE OFN4Op

+ IS AVAILABLE TO ACCEPT IT.": GOSUB 1970.

1380 PRINT "SINCE FERREDOXIN IS ONLY A ONE-ELECTRON CARRIER, THO MOLECULE

S OF IT'ARE NEEDED,ONE FOR EACH ELECTRON. THESE ELECTRONS THEN CONVE

RGE TO FORM ONE MOLECULE OF NADPH

FROM NADPI,
+.": GOSUf3 1970
1390 INPUT "A HYDROGEN ION IS ALSO NEEDED TO FORM NADPH
FROM NADP

'+. OF THE MOLECULES HE HAVE DISCUSSED SO FAR, 1;IHICH DO YOU TFIINK SUR

PLIES THE HYDROGEN ION? ";A$
1400 IF A$ = P" THEN PRINT : INPUT "PLEASE TRY TO ANSWER THE QUE.STION-";

'A$: GOTO 1400
1410 IF LEFT$ (A$,2) = "HA" OR LEFT$ (A$,2) = "H2" THEN PRINT "HATER'

IS THE CORRECT ANSHER AGAIN!": GOSUB 1970: GOT0.1430,

1420, PRINT ";A$;" IS INCORRECT.": GOSUB 1970

1430 PRINT "THERE MAY BE OTHER SOURCES OF HYDROGEN IONS IN THE CHLOROPLA

ST, BUT HATER SFLITS AND DONATES THE HYDROGENS TO NADP

+ WHEN LIGHT IS PRE5ENT.": GOSUB 1970

1440 ()TAB 19: PRINT "LET'S ASSUME THAT THE SECOND ELECTRON HAS ALREADY

BEEN ACCEPTED BY A,SECOND MOLECULE OF FERREDOXIN."- PRINT : INPUT "

TO ADD THE SECOND FERREDOXIN TO THE PATHWAY, PR6S <RETURN

>";A$
0

1450 PRINT V3$: VTAB 1: HTAB (13): PRINT "FERREDOXIN 100": VTAB 20: fNPUT

"NOW, TO FORM NADPH
41.

PRESS <RETURN
>";A$

*

1460 PRINT (13$'

1470 VTAB 16: HTAB (26): PRINT "H+1: HTAB (25): PRINT ' ": VTAB 15: HTAP

(26): PRINT "H+"- HTAB (26): PRINT
1480 HCOLOR= 0: HPLOT 227,67 TO 227,123: HCOLOR= 3

490 GOSUB 1980
1500 FOR S = 26 TO 34: HTAB (S): VTAB 15: PR'INT " H+": GOSUB 2010: NEXT

1510 HPLOT 227,67 TO 227,123
1520 FOR S = 15 TO 5 STEP - 1: HTAB (35): VTAB S: PRINT " ": HTAB-(35):

VTAB S - 1: PRINT "O+": GOSUB 2010: NEXT

.4 1530 FOR-S = 14 TO 23: HTAB 2: HTAB (S): PRINT " IDO": GO§UB 2000: NEXT

1540 VTAB 1: HTAB (24): PUNT " ". VTAB 4: HTAB (24): PRINT 'MO": GOSUB

2000: VTAB 2:,HTAB (24):.PRINT " ": VTAB 5: HTAB (24): PRINT "100": GOSUB

2000: VTgB 4: HTAB (24): pRINT " ": HTAB (26): PRINT "100": GOSUB 200

0
1550 FOR S = 24 TO 29: VTAB 5: HTAB (S): PRINT " 10 D:": GOSUB 2000: NEXT

1560 VTAB 5: HTAB <33): PRINT " ": VTAB 1: MTAB'(13): PRINT "
GOSUB 2000: ()TAB 5: HTAB (31): PRINT " 100": VTAB 5: HTAB (33): PRINT

1318
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" ": VTAB 3: HTAB (13): PRINT "FERAEDOXIN"
157g, VTAB 4: HTAB (29): PRINT "NADP H
": GOSUB 1980:VTAB-2: HT1iB-(29): RRINT _".NADPH

": UTAB 4: HTAB (29): PRINT "
1580 qoste 1990: FOR S ='29 70 35: VTAB 2: HTAB (S): PAINT " NAQPH
": GOSUB 2010: NEXT
1590 VTAB 2: KGB (36): PRINT " NADP
": GOSUB 2010: B 2: HTA <37) PRINT 4 NAD
": GOSU

f
B 2010: AB 2: HTAB (38): PRINT " NA

AD : '

": GOSUB 2010; VTAB 2: HTAB (39): PAINT " N"; GOSUB 20104tVTAB 2: HTAB. (40
PRINT " -9: GOSUB 1980: GOSUB 1990

1600 VTAB 4: HTAB (40): PRINT UN": GOSUB 2010: VTAB 4: HTAB (39),: PRINT "
NA": GOSUB 2010: VTAB 4:HTAB (38): PRINT "NAD

": GOSUB 2010: VTAB 4: HTAB (37): PRINT "NADP
": GOSUB 2010: VTAB 4: HUB (36):.pRINT "NADP
+": GOSUB 2010
1610 FOR S = 35 TO 29 STEP 1: VTAB 4: HTAB.(S): PRINT "NADP
+,": GOSUB 2010: NEXT
1620 VTAB 19: PRINT "THE MOVEMENT OF NADP
+ AND NADPH

MOLECULES TO AND FROM THE PATHWAY REPRE-SENTED THE USE OF NADPH
AND REPLENISH-, MENT OF NADP
+ BY THE DARK REACTIONS OF PHOTOSYNTWESIS.":,GOSUB 197Q
4630 PRINT "WHEN TWO MOLECULES OF FERREDOXIN AGAIN HAVE ONE ELECTRON EAC

H TO DONATE, THEY HILL PASS THEM Td NADP
+ IF IT IS AVAIL- ABLE/.": GOSUB 1970
1640 RINT "THE PATHWAY THAT WE JUST TRACED THROUGH,ENDING WITH THE FORMA

TION OF NADPH
IS CALLED NON-CYCLIC

PHOTOPHOSPHORYLATION. ": OSUB 1970
1650 PRINT "IT IS CALLED ' ON-CYCLIC' BECAUSE ELECTRONS ESSENTIALLY

FLOW FROM HATEF; TONADP
+ WITHOUT CYCLING BACK TO P1F330.4: GOSUB 1:970

1666 PRINT CHR$ (25);0$
1670 PRINT "THAT'S IT FOR NON-CYCLIC PHOTOPHOS- PHORYLATION. WOULD YO

U LIKE TO": PRINT
1680 PRINT " 1) REVIEW THIS SECTION ON NON-CYCLIC PHOTOPHOSMORY

LAT/ON": PRINT : PRINT " %.4.42') GO ON AND LEARN ABOUT CYCLIC
PHOTOPHOSPOQRYLATION.": PRINT : PRINT "OR 3) EXIT FROM THE PROGRAM

1690 PRINT : INPUT "WHAT IS YOUR CHOICE (1, 2 OR 3)? .'s,A$: PRINT
1700 IF VAL (Ca) = 1 THEN 410: END
1710 IF VAL,(A$) = 2 THEN PRINT "PLEASE BE PATIENT WHILE THE pROGRAM IS

LOADING.. ": PRINT CHR$ (4);"RUN PHOTOPHOS 3": ENO
1720 IF VAL (4) = 3 THEN PRINT V3$: PRINT "I HOPE YOU tENEFITTED FROM

THIS PROGRAM.": PRINT "THANK YOU.": END
1730 INPUT "THAT HAS NOT ONE OF THE CHOICES; PLEASE RE-ENtER-":41$: GOTO 1

700: END
1740 R M DRAW PATHWAY SUBROUTINE
1750 P NT CHR$ (25);V3$: HTAB CO: VTAB 12: PRINT CHR$ (23);"ENERGY
"; CHR$ 25 )

1760' HT B (1): ()TAB PRINT "1-1161-1": HTAB (): PRINT "Z": HTAB (13): PRINT
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"FERREDOXIN": HTAB (1): VTAB 17: PRINT "LON"
1770 VTAB 3: HTAB (12): PRINT ">": HPLOT 156,20,TO 181,20
1780, HPC_OT 57,11 TO 79,19 ,
1790 VTaB 2r HTAB (27): PRINT F$
1800. VTAB 4: HTAB (29): PRINT "NAM
+11

*-

1810 F6R S'= 2 TO 1,5 STEP 3: HTAB (3): VTAB S: PRINT "-": NEXT
1820 HTAB (33): ()TAB 8: PRINT "0"
1830 VTAB 17: HTAB (32): PRINT "P10230"
1840 VTAB 13: HTAB (6): PRINT "P1F330+"
1850 LITAB 3: HTAB (8): PRINT ",.,"
1860 HPLOT 52,18 TO 52,92
1870 VTAB 9: HTAB (33): PRINT "i^"
1880 HPLOT 227,67-TO 227,127

. 1890 VTAB 11: HTAB (19): PRINT "CYT'
-.100 VTAB 13: HTAB (11): PRINT "<"

4 1910 VT4B.10: HTAB (24): PRINT B$
1920 HPLOT 221,62 TO 147,80: HPLOT'123,86 TO 72,100
1930 VTAB 12CHTAB (28): PRINT "50P

1940 HPLOT 0,140 -lb 279,140
1950 VTAB 19: PRINT CHR$ (22): RETURN
1960 REM PAUSE t, PRESS RETURN SUBROUTINES
1970 VTAB 24: INPUT "PRESS <RETURN . .

> TO CONTINUE"A$: PRINT V3$: RETURN.
1980 FOR PAUSE = 1 TO 1200: NEXT : RETURN
1990 FOR PA = 1 TO 400: NEXT : RETURN
2000 FOR PA = 1 TO 180: NEXT : RETURN...

2010 FOR PA = 1 TO 100: NEXT : RETURN

A
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100 GOTO 200
110 POKE 103,1
120 CALL 1002
130 CALL 6144
140 PRINT 1:1-1R$ (16): INPUT "PLEASE DON'T PRESS <RnET

.> DURING THIS PROGRAM! PRESq <RETURN
> TO RESTART THIS PART OF THE PROGRAM.";A$
200 REM THIS PROGRAM WP1A DEVELOPED SY THE SUMIT I COURSEWARE DPELOPMENT

PROJECT, DEPARTHENT'OF BIOLOGICAL SCIENCES, MICHIGAN TECHNOLOGICAL U
, NIVERSITY, HOUGHTON, MI.49931
210 REM THIS MATER4AL IS BASED UPON WORK SUPPORTED BY THE NATIONAL SCIEN

CE FOUNDATION UNDER GRANT NUMBER SED7791.2051
220 REH- ANy OPINIONS, FINDINGS, AND CONCLUCTONS OR RECOMMENDATIONTEXPRE

SSED IN THIS PUBLICATION ARE TASE OF THE AUTHORS AND DO NOT NECESSAR
ILY REFLECT THE VIEWS OF Tk NAtIONAL SQENCE FOUNDATION

230 REM SUBPROGRAM (PHOTOPHOS 3) OF PHOTOPHOSPHORYLATION -

240 REM BASED ON PUBLICATIONS BY STRYER (1981) AND LEHNINGER (1975)
.

250 REM DESIGNED BY CATHERINE LEECE
260 REM PROGRAMMED BY CATHERINE LEECE

. 270 REM INTITIALIZE VARIABLES
280 V3$ = CHR$ (16): PRINT V3$
290 SC(1) = 0:SC =.0: PRINT CHR$ (12):CUE 0

300 F$ = "
lABEIJO"
310 B$ = "1 GHKL MO"
320 E; = "1AJEIBO"
400 REM MAIN PROGRAM 1

ca PRINT CHR$ (26); CHR$ (12): GOSOB 2010
420 VTAB 18: PRINT "THIS PATHWAY REPRESENTS WHAT BIOLOGISTS BELIEVE TO pE

CYCLIC',
PHOTOPHOS- PHORYLATION NOTICE THAT IT CONTAINS PORTIONS OF TH

-
E NON-CYCLIC PATHWAY.": GObUB 2e.110

430 VTAB 18: PRINT "BIOLOGISTS BELIEVE THE PLANT UTILIZES' THIS,PATHWAY

IS NOT AVAILABLETO ACCEPT ELECTRONS FROM FERREDOXIN.": GOSUB 221O
, WHEN NADP

440 PRINT "NADP
WILL BE REMOVED FROM THIS PICTURE BECAUSE WE WOULD LIKE TO SEE IIHAT

HAPPENS WHEN IT ISPNOT AVAILABLE TO THE PHOTOPHOSPHORYLATION REACTI

ONS.": INPUT "PRESS <RETURN
> TO DO SO.";4$

N

450 PRINT V3i: FOR S = 2 TO 4: VTAB S: HTAb (23): PRINT "
\

: NEXT

460 VTAB 18; PRINT "LET'S ASSUME THAT AN ELECTRON HAS ,A17READY BEEN '

BOOSTED TO A HIGHER ENERGY LEVEL BY LLGHT, AND,PASSED FH WATER, TOFE

RREDOXIN VIA KIN-CYCLIC PHOJOPHOS- PHORYLATION."

470 VTAB 24: INPUT "TO SEE THE ELECTRON, PRESS <RETURN
>";A$: PRINT V3$
480 VTAB 2:..HTAB (14): PRINT "10:0": HTAB (13): PRINT0FFERRE0OXIN"
490 VTAB 18: PRINT "THIS MEANS THAT FERREDOXIN NEEDS TO DONATE THE EX

CITED ELECTRON TO AN ACCEPTOR SO IT CA BECOME A STABLE MO--.

LECULE.": GOSUB 2210
500 VTAB 18: PRINT "SINCE.NADP
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4- IS UNAVAILABLE, THE ELECTRONIS DONATED TO A CHAIN OF VARIOUS CYTO- CHRO
ME MOLECULES.": GOSUB 2210

510 VTAB 18: PRINT "AS IN THE-WON-CYCLIC PATHWAY, THE ELECTRON LOSE
S SOME OF ITS paiTri0 EACH CYTOCHROME, AND SOME OF ITS ENERGY.IS
TRAPPED TO FO M A MOLECULE.OF ATP

": GOSUB 2210
520 VIAB 18: PRINT "BECAUSE P1F330 DONATED ITS ELECTRON TO FERREDOXIN

'WHEN ACTIVATED BY LIGHT, IT HAS A NEED FOR AN ELECTRON. THEREFORE
;., IT ACCEPTS THE ONE PASSED 'DOWN' THROUGHTHE CYTOCHROME CHAIN.": GOSUB
2210

530 VTAB 18: PRINT "UNLIKE THE FORMATION OF NADPH
ONLY ONE
MOLECULE OF FERREDOXIN,IS NEEDED TO DONATE AN-ELECtRON THROUGH THE CY

TO- CHROME CHAIN BACK TO P1F330.
535 INPUT "TO SEE FERRFOXIN DONATE THE ELECTRON, PRESS <RETURN
>...";A$
540 PRINT V3$
550 VTAB 2: HTAB (14): PRINT " ":H = 14
560 FOR S = 4 TO 11: VTAB S: HTAB (H): PRINT "1D0": GOSUB 2250: VTAB S: HTAB

(H): PRINT
570- IF S < 7 THEN H.= H - 1: GOTO 5904
580 IF S ) 7 AND S 1< 10 THEN H = H - 1: GOTO 590
-590 NEXT
600 VTAB 12: HTAB 10.):.PRINT n1D:0": GOSUB 2230: VTAB 12: HTAB.(10): PRINT

HTAB (10 : PRINT " "

610 VTAB 3: HTAB (13): PRINT "FERREDOXIN": GOSUB 2230: VTAB 5: HTAB (16):
PRINT "ADP

": GOSUB 2220: VTAB 7: HTAB (16): PRINT "ATP
": VTAB 5: HTAB (16): PRINT
620 GOSUB 2230: FOR S = 16 TO 37: 'KM 7: HTAB (S): PRINT " ATP
": GOSUB 2260: NEXT
630 VTAB 7: HTAB (38): PRINT " AT
": GOSUB'2260: VTAB 7: HTAB (39): PRINT " A

GOSUB 2260: VTAB 7: HTAB (40): PRINT " ": GOSUB 2220: amp 2230
640 VTAB 5: HTAB (40): PRINT "A": GOSUB 2260: VTAB 5: HTAB (39): PRINT "

AD
": GOSUB 2260: VTAB 5: HTf-,B (38): PRINT "ADP
": GOSUB 2260
650 FOR S = 37 TO 16 STEP - 1: VTAB 5: HiAB (S:r: PRINT."ADP
": GOSUB 2260: tlEXT

660: IF CUE c > THEN RETURN
670 VTAB 18: PRINT "THE FORMATION OF ATP
IN THE CYCLIC PATH-WAY KEEPS ATP
SUPPLIED TO THE CELL IN. THE ABSENCE OF NON-CYCLIC PHOTOPHOS- PHORYLA

f/ON.": GOSUB 2210
680 PRINT "IF.THERE IS A SURPLUS OF ATP

, IT CAN FE USED FOR OTHFR SYNTHETIC PROCESSES, IN ADDITION TO THE DARK R
EACTIONS,": GOSUB 2210

690 INPUT "16 P1F330 NOW IN ITS GROUND STATE? ";A$
700 IF A$ = "" THEN PRINT : INPUT "PLEAbE TRY TO ANSWER THE QUESTION-";A
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4

>

$: GOTO 700'
710 IF LEFT$ (A$,1) = "Y" THEN PRINT : PRINTSYOU ARE CORRECT.": GOSUB

fo

2240: GOTO 730
4

720 PRINT "YOU ARE INCORRECT. THINK ABOUT WHAT CAUSED P1F330 TO RETUR
. N TO.ITS GROUND STATE.IN NON=CYCLIC PHOTOPHOS- PHORYLATI
ON.": GOSUB 2210

730 PRINT "SINCE P1F330 ACCEPTED THE ELECTRON THAT PASSED THROUGH TIIIE C
YTOCHROME.CHAIN, IT FULFILLEd ITS NEED FOR AN ELECTRON. THUSIT RETIN
ED TO ITS GROUND STATE ENERGY LEVEL.":GOSUB 2210

740 INPUT "IS PS IF
(P10230) INVOLVED IN CYCLIC PHOTOPHOSPHORYLATION? ";A$

750 IF A$ = "" THEN PRINT : INPUT "PLEASE TRY TO ANSWER THE QUESTION-";A
$

760 IF LEFTS (A$,1) = "N" THEN PRINT : PRINT "YOU ARE CORRECT.": GOSUB .
2210: GOD.") 780

770 PRINT': PRINT "YOUR ANSWER IS INCORRECT."..GOSUB 2210
780 PRINT "THE-ELECTRON WHICH FILLS THE 'ELECTRON HOLE' IN P1F330 CPS I
),IS CONSTANTLY RECYCLED, THUS THE REACTIVE MOLECULE IN PS II
(P10230) IS NOT NEEDED TO DONATE AN ELECTRON.": GOSUS 2210

790 PRINT "P10230 WILL STILL.BE ACTIVATED WHEN LIGHT STRIKES PS II
, BUT IT WILL NOT BE ABLE TO PASS ITS EXCIT4O ELECTRON VERY FAR ALONG :f

HE NON-CYCEIC PATHWAY WHEN THE PLANT IS UTILIZING THE ucLIC PATHWA
f, - GOSUB 2210

800 INPUT "PRESS RETURN TO SIMULATE LIGHT STRIKING P1F330...11;A$
810 PRINT V3$'
820 VTAB 13: HTAB (19): PRINT "LIGHT
": GOSUB 2220 4

839 VTAB 13: HTAB (10): PRINT "<": HPLOT 125,99 TO 65,99: GOSUB 2220: VTAB
13: HTAB (6): PRINT 11P1F330": GOSUB 2220: HCOLOR= 6: HPLOT 12,99 TO
65,99: VTAB 13: HTAB (10): PRINT " ": GOSUB 2220

840 HPLOT 52,18 TO 52,95: VTAB 3: HTAB (8): PRINT " ": GOSUB220: HCOLOR=
3: VTAB 13: HTAB (5): PRINT "PITO "

850 FOR S = 13 TO 3 STEP - 1: HTAB 5): VTAB S + 1: PRI,NT " ": VTAB S
: HTAB (5): PRINT "P1F330": GOSUB 2260: NEXT

860 VTAB 3:- HTAB (3): PRINT 11P1F330 ": GOSUB
870 VTAB 2: HTAB (6): PRINT "1D10": GOSUB 2230: VTAB.2: HTAB (6): PRINT '

4 ": VTAB 1: HTAB (7): PRINT "100": GOSUB 2230: VTAB 1: HTAB (7): PRINT
" ": HTAB (8): VTAB 1: PRINT "MO"

880 HTAB (8): PRINT "2". )JTAB 3: HTAB (3): PRINT "P1F330+": GOSUB 2220
890 VTAB 3: HTAB (3: PRINT " ": VTAB 3: HTAB (4): PRINT "P1P330+"
900 FOR S = 3 TO 12: HTAB (4): VTAB S: PRINT-"" ": HTAB (4): AINT "P

1F330+11: GOSUB 2260: NEXT
tt.

910 VTAB 13: HTAB (4): PRINT " P1F330+"
920 FOR S = 8 TO 12: VTAB 1: HTAB (8): PRINT " ": VTAB 1: HTAB (S + 1): PRINT

s1C10": GOSUB 2250: NEXT
930 VTAB 1: HTAB (13): pRINI " ": VTAB 2: HTAB (8,: PRINT "2": VTAB 2: HTAB

(14): PRINT "1D0": HTAB1(13): PRINT "FERREOOXIN"
940 'VTAB 3: HTAB (8): PRINT HPLOT 52,18 TO 52,95
950 CUE = 1: GOSUB 540

' 960 VTAB 18: PRINT "A5' LONG AS 1) NADP
MOLECULES ARE ONAVAILABLE AND 2) LIGHT OF THE APPRO- PRJATE NAVEL

ENGTH IS PRESENT, THE EXCITED ELECTRON WILL CONTINUE TO CYCLE."

.
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: 60SUB 2210
970 VTAB 19: PRINT "THIS ENDS THE EXPLANATION OF.CYCLIC PHOTOPHOSPHOR,

YLATION. NEXT YOU WILL BE PRESENTED WITH 5 QUESTIONS. EACII QOES- TI

ON MAY DEAL WITH THE CYCLIC OR NON- CYCLIC PATHWAYS, OR POTH.": GOSUB

2210
972 INFUT "HAVE YOU TAKEN THE UPCOMING QUIZ BEFORE (I.E. WELL THIS BE A R

EVIEW FkA YOU)? ";A$
973 PRINT V3$: IF LEFTS (AS,1)= "Y" THEN 1400
974 UF 'LEFTS 0$,1) < > "N" THEN PRINT : INPUT "PLEASE RE-ENTER-";A$: GOTO

973
980 VTAB 19: INPUT "WHEN YOU ARE THROUGH EXAOINING THE CYCLIC PATHWg

Y SHOWN HERE, PRESS <RETURN
> FOR THE FIRST OUESTION. REMEH- BER, YOU WILLGET A CHANCE TO SEE THE E

NTIRE PATHWAY AGAIN LATER.";A$
990 REM ODUESTIONS
1000 PRINT CHR$ (25);0$
1020 PRINT "1) CYCLIC 2) NON-CYCLIC 3) BOTH 1 & 2": PRINT
1030 PRINT "RESPOND TO EACH QUESTION BY ENTERING THENUNBER 1, 2 OR 3, DEP

ENDING ON WHICH CHOICE CORRECTLY ANSWERS THE QUESTION:"
1040 VTAB 9: PkINT CHR$ (22): INPUT "WHICH PATHWAY PRODUCES NET ATP
?
1050 IF VAL (AS) = 3 OR LEFTS (A5,1) = -.5- THEN S(1) = 1: PRINT : PRINT

"YOUR FiNSWER IS CORRECT!": GOSUB 2210: GOTO lqa
1060 PRINT : PRINT "YOUR ANSWER IS INCORRECT. BOTH THE CYCLIC ANU, NO

N-CYCLIC PPTHWAYS PRODUCE ATP. T
HIS RESULTS IN A NET GAIN OF ATP

WHICH CAN BE USED IN THE DARK REACTIONS OF PHOTOSYWHESIS OR IN OTHER SY

NTHETIC"
1070 PRINT "PATHWAYS WHEN IN SURPLUC.": GOSUB 2210
IWO INPUT "WHICH PATHWAY INVOLVES PS II
,? ";AS
1090 IF VAL (AS) = 2 OR LEFTS (A5,1) = "11" THEN SC(1) = SC(1) +.1: PRINT

: PRINT "YOU ARE CORRECT. THESYCLIC PATHWAY ONVINVOLVES PS I
.". GOSUB 2210: GOTO 1110
1160 PRINT :. PRINT "YOU ARE INCORRECT: THE NON-CYCLtC IS THEONE WHICH INV

* Ol.,VES PS II
A

AS HELL AS PS I.
THE CYCLIC PATHWAY ONLY INVOLVES PS I
.". GOSUB 2210
1110 .INPUT "WHICH PATHWAY PRODUCES OXYGEN? ";AS
1120 IF VAL (AS) = 2 OR LEFTS <ASA) = "N" THEN SC%1> = SC(1) + 1:- PRINT

: PRINT "YOUR ANSWER IS CORRECT! WHEN LIGHT STRI5ES.PS II

A MOLECULE OF WATER SPLITS AND RELEASES OXYGEN.": GOSOB 2210: GOTO
1140

.

1130 PRINT PRINT "SORRY, YOU ARE INCORRECT. SINCE THE NON-CYCLIC PUMA
Y IS IHE ONE WHICH INVOLVESWATER, IT IS THE ONE THAT PRODUCES OX

YGEN WHEN A WATER MOLECULE SPLITS.". GOSUB 2210
1140 INPUT ?WHICH PATHWAY TAKES PLACE ONLY IN THE LIGHT? 4;A$

1150 IF VAL <AS) = 3 OR LEFTS (AS,1) = "B" THEN SC(1) = SC(1) +41: PRINT

: PRINT "YOU ARE RIGHT! ": GOSUB 2210: GOTO 1170
1160 PRINT : PRINT "YOU ARE NOT RIGHT. THE ENTIRE PAMESS OFPHOTOPHORPHOR

YLATION REQUIRES LIGHT. THEREFORE BOTH PATHWAYS REQUIRE LIGHT. RE
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1416

HEMBER.HIMN'THE PATHWAY GOT ITS NAME.". GOSUB 2210
1170. INPUT "P1F330 IS THE REACTIVE CHLOROPHYLL MOLECULE OF WHICH P

ATHWAY? ";A$
1180 IF VAL (AS) = 3 OR LEFTS (A.S,i) = "8" THEN SC(1) = SC(1) + 1: PRIN.('

: GOTO 1220
1190 PRINT : PRINT "SORRY, YOU ARE NOT CORRECT. YOU MUST HAVE FORGOTTE

N THAT P1F330 IS THE REACTIVEMOLECULE IN PS I

AND PS I ,

IS INVOLVED IN BOTH ATHWAYS. ALSO, 00 NOT FORGET THAT THE REACTIVE tiOL

ECULE IN EACH "
1200 PRINTIPIGMENT SYSTEM DOES NOT MAKE UP THE ENTIRE PIGMENT SYSTEM

. THERE ARE OTHER PIGMENTS INVOLVED 1412.30.": GOSUB 2210 .

1210 GOTO 1230
1220 PRINT "GOOD FOR YOU, YOU GOT TriIS 'ONE RIGHT! YOU MUST HAVE REMEMBE

RED THAT P1F330 IS THE REACTIVE MOLECULE IN PS I

AND PS,I
IS INVOLVED IN BOTH PATHWAYS.": GOSUB 2210

1230 PRINT COR$ (25);0$:SC = (SC(1) / 5) * 100: VTAB 4: PRINT "YOU CORR

ECTLY ANSWERED 16C(1);'' OUT OF 5": PRINT "OF THESE QUESTIONS.": PRINT

: PRINT "THIS GIUES YOU. q PERCENTILE SCORE OF". PRINT SC;":' "

1235 PRINT : PRINT "kEEP THESE. QUESTIONS IN MIND WHEN YOU REVIEW THE SI

MULPTION' OF THE ENTIRE PHOTOPHOSPHORYLATION PATHWAY LATER ON."

120 QTAB 22: INPUT "PRESS <RETURN 1

> FOR A WRITTEN SUMMARY OF PHOTOPHO'SPHORYL9TION.";A$
1250 REM SUMMARY ,

1260 PRINT .CHRS (25);V3S2 PRINT "THE OUTSTANDINWEATURES OF CYbLIC AND

NON-CYCLIC PHOTOPHOSPHOOLATION ARE SUMMARIZED BELOW.": PRINT

1270 PRINT "NON-CYCLIC .

:". PRINT " 1) INVOLVES PS.I
//

ANQ PS II
'1: PRINT " 2) PRODUCES ATP
AND NADPH
": PRINT " 3) CAUSES WAtER.TO SPLIT AND. RELEASE OXYGEN.": PRINT

1280 PRINT "CYCLIC
.1":. PRINT " 1) INVOLVES-PS I
ONLY": PRINT " PRODUCES ATP

J BUT'NOT NAOPH
": PRINT ' 3) DOES NOT INVOLVE WATER, ,THEREFORE ..OXYGE; IS NOT PRODU

GOSUB 2210
1290 VTAB 3: PRINT "WELL, THAT SUMS UP PHOTOPHOSPHAYLATION.PRESS <RETURN

> FOR ANOTHER LOOK AT THE "SIL)ULATION OF THE ENTIRE PHOTOPHOS- PHORYLA

TION PATHWAY. HOPEFULLY IT WILL, HELP YOU FULL TOGETHER THE INFORIMATI

T295 PRINT."PRESENTED IR THIS NODULE "
1300 PRINT : INPUT "REMEMBER, MANY OF THE REACTIONS IU THESEPATHWWS OCCU

R SIMULATr4NEOUSLY IN THE CHLORORLASTS OF EACH PHOTOSYNTHETrit CE

LL. NOT ONE AT A TIME AS SHOWN IN THISPROGRAM.";AS
1310 PRINT V3S: PRINT "PLEASE BE PATIEK WHILE THE PROGRAM IS LOADINGi... "

": PRINT CHR$ (4);"RUN RHOTOPHOS 4"1 END
1400 PRINT CHRS (25);V3S: PRINT "SINCE,THIS IS A REVIEW FOR YOU, WOULD

YOU LIKE TO": PRINT : PRINT " 1) TAKE THE QUIZ AGAIN": PRINT : PRINT

" 2) GO ON TO THE SUMMARY"
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41408 PRINT : PRIN'T "OR 3) EXIT FROM THE PROGRAM"
1410 PRINT : INPUT "(1 OR 21' ";A$
4420 IF VAL (A$) = 1 THEN 1000
1430 IF VAL (A$) = 2 THEN 1260
1440 IF VAL (4$) = 3 THEN PRINT V3$: PR,INT "elOPE YOU ENJOYED THIS PROGR

AM AND+e BENEFITTED FROM IT.":,.PRINT "BYE FOR NOW.": END

1450 PRINT : INPUT "PLEAbE RE-ENTER 1,2 OR 3..,";A$: GOTO 1420

2000 REM DRAW PATHWAY SUBRvUTINE
2010 PRINT CNR$ (25),V3$: HTAB (1): VTAO 12; PRINT CHR$ (23);"ENEROY

/

"; CHRT (25. t

2020 PRINT CHR$ (26); C,HR$ (12)

2030 HTAB (1): ()TAB 1: PRINT "HIGH": HTAI3 (8): PRINT "2": lifFe (13): PRINT

"FERREDMN": HTAB (1): vTAB 16: PRINT "LOW"
2040 VTAB 3: HTAB (12): PRINT "..>": HPLOT 15tik20 TO 181,20

2050 HPLOT 57,11 TO 79,19
2060 VTAB 2: HTAB (27): PRINT F$ /
2070 VTAB 4: HTAB (29): PRINT "NADP
+"
2080 FOR S = 2 TO 15 STEP 3: HTAB (3): VTAB S: F7RINT "-": OEXT

2090 VTAB 13: HTAB (6): PRINT "P1F330+"
2100 VTAB 15: HTAB (6): PRINT "(PS I
)"

2110 VTAB 3: HTAB (8): PRINT
2120 HPLOT 52,18 TO 52,92
2130 VTAB 9: HTAB (11): PRINT "CYT"

2140 VTAB 5: HTAP C14): PR1-NI_E$
2150 VTAB 5: HTAB (16): PRINT 'ADP
."

2160 VTAB 12: HTAB (9): PRINT "1LO"
2170 HPLOT 102,25 TO 79,133: HPLOT 73,73 TO
2180 HPLOT 0,133 TO 279,133
21$0 VTAB 18: PRINT CHR$ (22): RETURN
400 REM PAUSE g. PRESS RETURN SUBROUTINES

2210 VTAP 24: INPUT "PRESS (RETURN
> TO CONTINUE";A$: PRINT V3$: RETURN A

2213 FOR PAUSE = 1 TO 1200: NEJ : RETURN

2230 FOR PA = 1 TO 400: NEXT : RETURN

2240 FOR PA = 1 TO 180: NEXT : RETURN

2250 FOR PA = 1 TO 300: NEXT N,RETURN

2260 FOR PA = 1 TO 100: NEXT : RETURN
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100 GOTO 200
110 POKE 103,1
120 CALL 1002
130 CALL 6144
140 PRINT CHR$ (.16): INPUT "PLEASE DOWT PRESS <RESET
> DURING THIS PROGRAM' PRESS RETURN
> TO RESTART THIS PHRT uF THE PROGRAM.";A$
200 REM THIS PROGRAH WAS DEvELOPEO.BY THE SUMIT I COURSEWARE DEVELOPMENT

PROJECT,0i0EPART1ENT OF BIOLOGICAL SCIENCES, MICHIGAN TECHNOLOGICAL U
NRJERSI17, HOUGHTON, MI 49931

210 REH THIS HATERtAL IS BASED UPON WORK SUPPORTED BY THE NATIONAL SCIEN
CE FOUNDATION UNDER GRANT NUHBER SED-7919051

220 REM ANY OPINIONS, FINDINGS* AND CONCLUSIONS OR RECOMMENDATIONS EXPRE
SSED IN THIS PUBLICATION ARE THOSE OF THE AUTHORS AND 00 NOT NECESSAR
ILY REFLECT THE HIEWS OF THE NATIONAL SCIENCE#-FOUNDATION

230 REM SUBPROGRAM (PHOTOPHOS 4) OF PHOTOPHOSPHORYLATION
240 REM BASED ON PU6LICATIONS BY STRYER (1981) AND LEHNINGER (1975)
250 REM DESIGNED pY CATHnINE LEECE
260 REM PROGRAMMED BY CATHERINE LEECE
270 REM INTITIALIZE VARIABLES
280 V3$ = CHR$ (16): PRINT V3$:CUE = 0
290 PRINT CHF4 (12)
300 F$ = "
1ABEIJO"
310 B$ = "1 GHKL HO"
320 E$ = "1AJEIBO"
400 REM MAIN PROGRAM *44.4-
440 REM MAIN PROGRAM/NON-CYCLIC PATHWAY
450 PRINT CHR$ (26*;'CHR$ (12); GOSUB*1370
460 ()TAB 23: HTAB (E..): PRINT "*.* PRESS <ESC
>4gEY TO STOP **"
1-f'D OTAB 14: HTAB (17): PRINT "LIGHT

480 VTAB 17: HTAB (7 PRINT "H1000"
490 FOR 0 = 1 TO 40
500 GOSUB 1950: IF PEEK. ( 16384) = 155 THEN 1260
510 ()TAB 17: HTAB (31): PRINT ">": HPLOT t50,108 TO 212,131: GOSUB 1950
520 VTAB 17: HTAB (72): PRINT "P10230": GOSUB 1950: HCOLOR= 0: HPLOT 150,

108 TO 212,131: IITAB 17: HTAB (31): PRINT " ": GOSUB 1960
530 IF Cgl= 1 THEN HPLOT 227,67 TO 227,123 '

540 HCOILOR=i3: VTAB 9: HTAB (33): PRINT " ": GOSUB 1960
550 FOR S =116 TO 9 STEP - 1: HTAB (32): VTAB S + 1: PRINT " ": VTAB

9: HTAB (34.614): PRINT "P10230": GOSUB 1980: NEXT
580 IF PEEK (Y- 16384, = 155 THEN 1260
570 VTAB 9: HTAB )4 PRINT " ": VTAB 8: HTAB (35): PRINT "P10230"
580 VTAB 7: HTAB (361: PRINT "100": GOSUB 1960: VTAB 7: HTAB (36): PRINT

" ": VTAB 6: HTAB (35): PRINT "100": GOSUB 1960: VTAB 6: HTAB (35): PRINT

580 VTAB 6: HTAB (34): PRINT "I.D0": GOSUB.1960: VTAB 6: HTAB (34): PRINT
" ": VtAB 7: HTAB (33): PRINT "100": HTAB (35): PRINT 11P10230+": GOSUB
1960: ()TAB 8: HTA8 (33): PRINT "0"

600 IF PEEK ( - 16384) = 155 THEN 1260
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610 VTAB 8: HTAB'(35): PRINT " ": FOR S = 9 TO 17: VTAB S: HTAB (32):

.- PRINT "P10230+": GOSUB 1980: IF S < 17/1-HEN VTAB S: HTAB (32): PRINT

": NEXT
620 IF CUE.= 2 THEN 670

.'630 SPEED= 150: VTAB 17: HTAB (7): PRINT "H1000 1JBO 2100 + 1C00100 + 2H+

": SPEE0O*55
640 GOSUB 1950
850 GOSUB 1960: VTAB 17: HTAB (7): PRINT "H1000"
ap GOSUB 1950
670 IF CUE = 2, THEN VTAB 17: HTAB (15): PRINT ":CUE = 0: GOTO 690

680 VTAB 17: HTAB (14): PRINT " "

690 MFG 16: HTAB 415): :PRINT "1D0. GOSUB 1960: IF PEEK 4 16384) = 15

5 THEN 1260
700 GOSUB 1950
710 FOR S = 15 TO 35: VTAB 16: HTAB (S): PRINT " ": IITAB 16: HTAB (5 + 1)

: PRINT "100": GOSUB 1980: NE:fl:

720 GOSUB'1960: VTAB 16: NTAB (36): PRINT " ": HTAB (36): PRINT " "

730 ()TAB 7: HTAB 433): PRINT " ": GOSUB 1980
740 V = 7: FOR S = 32 TO 11 STEP 1: HTAB 4S): VTAB V: PRINT "100": GOSUB

1980: IF S < > 11 THEN HTAB (8): VTAB V: PRINT "'"

750 IF PEEK ( - 16384) = 155 THEN 1260

760 S < 31 THEN V = 8: IF S 4, 27 THEN = 9: IF.S \ 22 THEN V = 10: IF

S ( 17 THEN V = 11: IF S < 13 THEN V = 12
7 0 NEXT
80 GOSUB 1960

790 VTAB 12: HTAB (11): PRINT ": HTAB (10): PRINT " ": VTAB 8: HTAB (33

): PRINT "0"
800 GOSUB 1950 , ./1
810 VTAB 12: HTAB (28): PRINT "ADP

GOSUR 1950: GOSUB 1950: VTAB 12: HTAB (22): PRINT "ATP

mi": TAB( 28);" "

820 GOSUB 1950: FOR S = 22 TO 37: VTAB 12: HTAB (S): PRINT " ATP

": GOSUB 1980: NE:fl )

830 VTAB 12: HTAB (38): PRINT " AT
60SUB 1980: OTAB 12: HTAB (39): PRINT "'A

": GOSUB 1980: VTAB 12: HTAB (40): PRINT " ": GOSUB 1940

840 IF PEEK ( 16384 ) = 155 THEN 1260
850 VTAB 12: HTAB 440): PRINT "A": GOSUB 1980: VTAB'12:,AB (39): PRINT'

"AO
": GOSUB 1980: VTAB 12: HTAB (38): PRINT "ADP

. ": GOSUB 1980
860 FOR S = 37 TO 28 SIEP - 1: VTAB 12: HTAB (S): PRINT "ADP

": GOSUB 1980: NEXT
870 HPLOT 108,106 TO 75,99
880 GOSUB 1950: VTAB 13: HTAB (6): PRINT "P1F330": GOSUB 1950: HCOLOR= 0:

HPLOT 108,106 TO 75,99: GOSUB 1960
890 IF Q = 1 THEN HPLOT 52,18 TO 52,95: VTAB 3: HTAB (8): PRINT " "

SOO HCOLQR= 3: WA@ 13: HTAB 45): PRINT "P1F330, "
910 IF PEEK ( - 16384) = 155 THEN 1260
920 HTAB (11):.VTAB 12: PRINT " "

930 FOR S =13 TO 3 STEP 1: HTAB (5): VTAB S + 1: PRINT " ": VTAB S

: HTAB (5): PRINT "Pp330":-3OSU6 1980: NE:T
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940 ()TAB 3: HTAB (3): PRINT "P1F330 ": GOSUB 1950
950 VI-AB 2: HTAB (6): PRINT "WO": GOSUE: 1970: ()TAB 2: ,FITAE: (6): PRINT "

": VTAB 1: HTAB (7): PRINT "WO": GOSUB 1970: VTAB 1: HUB (7)i PRINT
t" ": FINE: (8): ()TAB 1: PRINT "WO"

960 HTAB (8): PRINT "t": VTAB 3: HTAB (3): PRINT "P1F330+"
970 . GosuB 195u: IF PEEK ( 16384) = 155 THEN 1260
980 VIM 3: HTAB (3): PRINT " .": VTAB 3: HTAB (4): PRINT "P1F330+"
990 FOR S = 3 TO 12: HTAB 4): ()TAB 9; PRINT " ": HTAB (4): PRINT,"P

1F330+": GOSUB 1980: NEXT .

1000 WAG 13: HTAB 1): PRINT " P1F330+"
1010 FOR S =. 8 TO 12: VI-AB 1: HTAB (6): PRINT, " ": VTAB 1: HTAB (S +' 1): PRINT

"100": ri,osup 1980:.ME:j
1020 VTAB I: HTAE: (13)1: PRINT " ": OMB HUG (8): PRINT "Z": ()TAB 2: HTAB

(14): PRINT "100"; HTAE: (14): PRINT "FERRECIOXIN"
1030 IF PEEK ( 16384) = 155 THEN 1260 .

1040 Ir CUE = 3 THEN CUE = 0: GOTO 1640
1050 IF INT (Q / 2) < .> / 2 THEN CUE = 2: ()TAB 2: HUB (14: PRINT "

"; TAB( 16);"10100": GOTO 1240
1060 ()TAB 16: HUB (2.6): PRINT "H+": HTAB (25): PRINT " ": VTAB 15: HTAB

(26): PRINT "H+.11: HTAE: (26): PRINT " "
,1070 FOR 5 = 26 TO 34: HTPB (5): VTAB 15: P)AINT " H+".: GOSUB 1980: NEXT
1080 FOR S = 15, TO 5 STEP - 1: HIM (35): VTAB, 5: PRINT " ": HTAB (35):

VTAB S 1: PRINT "4": GOSUB 1980: NEXT
1090 KGB 17: HTAB (11): PRINT "
1100 FOR 6,= 14 TO. 21: VTAB 2: +FMB (S): PRINT " 10 DO": GOSUB 1980: NEXT

1110 IF PEEK ( 16384) = 155
1120 VI-AB 2: HTAB (23): PRINT " ": VTAB 5: HUB (25): PRIN1 %DO": GOSUB

1980: VIPS 2: NNE: (25): PRINT " ": VTAB 5: HTAB (27): PRINT "100": GOSUB
1980 4

1130 FOR S = 25 TO 29: MB 5: HTAB (5): PRINT " 10 Os": GOSUB 1970: NEXT

1140 VI-AB 5: HTAB (33): PRINT " ": VTAB 1: HTAB (13): PRINT "
GOSUB 1960: LITT4B 5: HTAB (31): PRINT " MO": ()TAB 5: HTAB (33): PRINT

" ": VTAB HTAB (14): PRINT "FERREE:MIN"
1150 VTAB 4: HT% (29): PRINT "NAOP H

60SUB 1950: GOSUE: 1950: .VTAE: 2: HTAB (29): PRINT ''NACIPH
": LIMB 4: HTAB (29): PRINT "

,1160 IF PEEK ( 16384) = 155 'THEN 1260.
1170 GOEUB 1960: FOR S = 29 TO 35:. VTA8 2: ATAB (S): PRINT " NAOPH

": GOSUB 1980: NE:.:T
1180 VTAB 2: HTAB (36): PRINT " NACIP
": GOSUE: 19E: VTAB 2: HTAB (37): PRINT " NAO
": &NUB 1980: VTAB 2: HIT@ (38): PRINT " NA ,

": GOSUE: 1980: VTAE: 2: HTAE: (39): PRINT " N": GOSUB 1980
1190 VTAB 2: HTAB (40): PRINT " ": GOSUB 1940
1200 IF. (Q / 2) / 2 < > INT ((17! / 2) / 2) THEN .CUE = MAE: 3: HTAB (1

3): PRINT " ": GOTO 123b.
1210 VTAB 4: HIM (40): PRINT "N": GOSUB 1980: KM 4: HTAB (39): PRINT "

NA
": GOSUB 1980: VTAB 4: HTAB (38): PRINT "NACI
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": GOSUB 1980: VTAB 4: HTPB (37): PRINT "NADP

/I

": GOSUB 1980: VTAB 4: HTAB (38)4 PRINT "NADP
GOSUB 1980

1220 FOR S = 35 TO 429 STEP 1: VTAY 4: HTA8 (5): PRINT "NAbP+
GOSUB 1980: NEXT

1230 IF PEEK ( 16384) = 155 THEN 1260
1240 NEXT 0
1250 REM END SIMULATION
1260 POKE - 16368,0: VTAB 14: HTAB (17): PRINT "LIGHT
": GOSUB 1940
1270 VTAB 23: PRINT CHR$ (5): VTAB 23: INPUT "PRESS <RETURN .

> WHEN YOU ARE THROUGH EXAMINING THIS DIAGRAM";A$
1280 PRINT CHR$ (25);V3$: PRINT "NOW THAT YOU WAVE EXAMJNEQ THE COM-

CD

,

NENTS OF PHOTOPHOSPRORYLATION, AND REVIEWEDeTHE SIMULATION OF T
ENTIRE PATHWAY, THE SIMULAVON OF PHOTO- -SYNTHETIC PRODUCT

S BEING FORMED AND" -

.1290 PRINT "USED SHOULD MAKE MORE SENSE.": PRINT : INPUT "PRESS <RETURN
> TO RqVIEW THE SIMULATION OF PHOTOSYNTHESIS. AFTERWARDS YOU MAY EXIT TH

E PROGRAM ORP-IIEH ANY OF ITa SECTIOWS.";A$
1300 PRINT V3$: PRINT "PLEASE BE PATIENT WHILE THE PROGRAM LOADING...

": PRINT CHR$ (4);"RUN PHOTOPHOS 5": END
4360 REM DRAW PATHWAY SUBROUTINE
1370 PRINT CHR$ (2d);V3$: HCOLOR= 3: HTAB (1): VTAB 12: PRINT CHR$ (23)

-"ENERGY
"; Gg$ (25)
1380 HTAB (1): VTAB 1: PRINT "HIGW: HTAB (8): PRINT "Z": HTAB (13.): PRINT

"2FERREDOXIN": HTAB (1): VTAB-17PRIN'T "LOH"
1390, VTAB 3: HTAB (12): PRINT ">": HPLOT 162,20 TO 181,20
1400r HPLOT 57,11 TO 79,19
1410 VTAB 2: HTAB (27): PRINT F$
1420 VTAB 4: HTAB (29): PRINT "NADP

1430 FOR S = 2 TO 15 STEP 3: HTAB (3): VTAB S: PRINT NEXT
1440 HTAB (33): VTAB 8: PRINT "0"
1450 VTAB 17: HTAB (32): PRINT "P10230"
1460 VTAB 13v HTAB (6): PRINT "P1F2.30+"
1470 VTAB 3: HTAB (s): PRINT 11,0
1480 HPLOT 52,18,T0152,92
1490 VTAB 9: HTAB4&33): PRINT nAn
1500 HPLOT 227,67 TO 227,123
1510 VTAB-11: HTAB (19): PRINT "CYT"
1520 VTAB 13: HTAB (11): PRINT "<"
1530 VTAB 10: HTAB (24): PRINT 8$
1540 HPLOT 221,62 TO 147,80: HPLOT 123,86 TO 72,100
1550 VTAB 9: HTAB (11): PRINT "CYT"
1560 VTAB 12: HTAB (28): PRINT "ADP

1570 VTAB 5: HTAB (14): PRINT E$
1580 VTAB 5: HTAB (16): PRINT "ADP

1590 VTAB 12: HTAB (9): PRINT "1LO"
1600 HPLOT 102,25 TO 79,63: HPLOT 73,73 TO 63,87-

Or
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1610 HPLOT 0,170 TO 279,170 ,

' 1620 UTAB 19: PRINT CHR (22): RETURN v
4

1630 REM cycLIC PATHWAV
1640 FOR R = 1 TO 2: VTAB 2: HTAB (14): PRINT '' ":H = 14
1650 IF PEEK ( - 16384) 155 THEN 1260
1660 FOR S = 4 TO 11: VTAB 6: HTAB (H): PRINT "100": GOSUB 1980: UTAB S: HTAB

. (H): PRINT " "

1670 IF S K 7 THEN H = H - 1: GOTO 1690 ,

1680 IF S > 7 AND S < 10 THEN H = H - 1: GOTO 1690
1690 NEXT .

1700 VTAB 12: H48 (10): PRINT "100": GOSUB 1960: VTAB'12: HTAB (10): PRINT
" ": HTAB (10): PRINT " "

1710 VTAB 3: HTAB (14): PRINT,"FERAEDOXIN": grce 5: HTAB (16): PRINT "ADP

": GOgUB 1950: GOSUB 1950: WAB 7: HTAB (16): PRINT "ATP
": UTAB 5: HTAB (16): PRINT " "

.1720 GOSUB 1950: FOR S = 16 TO 37: VTAB 7: HTAB (S): PRINT " ATP
": GOSUB 1980: NEXT ,

1730 IF PEEK ( 16384) = 155 THEN 1260
\14

1740 .VTAB 7: HTAB (38): PRINT " PT ff,

": GOSUB 1.980: VTAB 7: HTPB (39): PRINT " A": GOSUB 1980: VTAB 7: HTAB (40
)( PRINT " ": GOSUB 1940 .

1750 ,VTAB 5: HTAB (40): PRINT_I!": GOSUB 1980: UTAB.5: HTAB (39): PRINT "
AD 1

": GOgUB 1980: VTAB.5: HTFIB (38): P.RINT "ADP
": GOSUB 1980

.

1760 FOR S = 37 TO 16 STEP 1: VTAB 5:,HTAB (S): PRINT "ADP'
"f GOSUB 1980: NEXT

1770 IF PgEK ( 16384) = 155 THEN 1260
1780 HPLOT 108,106 TO 75,99: GOSUB 1950: UTAB 13: HTAB (6): PRINT "P1F33

0": GOSUB 1950: HCOLOR= 0: HPLOT 1080106 TO 75,99: GOSUB 1960
1790 HCOLOR= T.: ()TAB 13: HTAB (5): ORINT "P1F330 "
1800 HTAB (112: UTAB 12: PRINT " "

1810 FOR S = 13 TO 3 STEP - 1: HTAB (5): UTAB S + 1: PRINT " ": UTAB
S: HTAB (5): PRINT "P1F330". GOSUB 1980: NEXT

1820 VTABce: HTAB (3): PRINT "P1F330 ": GOSUB 1950
1830 VTAB 2: HTAB (6): PRINT "100": GOSUB 1970: UTAB ; HTAB 1.6): PRINT "

": VTAB 1:4-ITAB (7)4 PRINT "100": GOSUB 1970: UT;i8 1: HTAB (7): PRINT
" ": HTAB (8): VTAB 1: PRINT "100"

1840 GOSUB 1950: IF PEEK ( 16384) = 155 THEN 1260
1850 VTAB 3: HTAB (3): PRINT " ": UTAB 3: HTAB (4): PRINT "P1F330+"
1860. FOR S = 3 TO 12: HTAB (4): VTAB S: PRINT " ": HTAB (4): PRINT "

. P1F3,30+": GOSUB 1980: NEM' , .
.

1

1870 VTAB 13: HTAB (4): PRINT " P1F330+" ..

1880- FOR S = 8 TO 12: UTAB 1: HTAB (S): PRIMT X -: UTAB 1: HTAB (S + 1): PRINT
"100"; GOS 8 1990: NEXT

'r

1890 VTAB 1: HT (13): PRINT " ": UTAB 2: HTAB (8): PRINT "Z": VTAB 2: HTAB
(14): PRINT '100": HTAB (14): PRINT "FERRE0OXIN"

1900 GOSUB 1950
1910 NEXT : VTAB 3: HTAB (13): PRINT "2'1' ..

..

1920 VTAB 2: HTAB (14): PRINT " "; TAB( 16): PRINT "100": GOTO 1210
1930 REM PAUSE SUBROUTINES
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1940 FOR-PAUSE = 1 TO 1200: NEXT : RETURN
1950 FOR PA = 1 TO 200: NEXT : RETURN
1960 FOR PA ="1 TO 150: NEXT : RETURN
1970 FOR PA = 1 TO 80: NEXT : RETURN
1980 FOR PA = 1 TO 55: NEXT : RETURN

,

,

.,

,

..
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100 GOTO 200
110 POKE 103,1
120 CALL 1002
130 CALL 6144
140 PRINT CHR$.(115): INPUT "PLEASE DON'T PRESS <RESET
> DURING THIS PROGRAM' PRESS (RETURN
> TO RESTART THIS PART OF TH'E PROGRAM."A$
200 REM THI PROGRAM HAS DEVELOPED BY THE SUMIT I COURS64ARE OEC5PMEMT

PROJECT, DEPARTMENT OF BIOLOGICAL SCIENCES, MICHIG TECHNOLOGICAL U
NIVERSITY, HOUGHTON, MI 49831

210 REM THIS MATERIAL IS BASED UPON_WiRK SUPPoRTED BY THE NATIONAL SCIEN
CE FOUNDATION UNDER GRANT NgHBER sEO-7919051

220 REM ANY OPINIONS, 'FINDINGS, AND CONCLUSIONS OR RECOMMEN DATIONS EXPRE
SSED IN THIS PUBLICATION ARE THOSE OF THE AUTHORS AND 00 NOT NECESSAR
ILY REFLECT THE WENS OF THE NATIONAL SCIENCE *FOUNDATION

230 REM SUBPROGRAM (PHOTOPHOS 5).OF PHOTOPHOSPHORYLATION
240 REM BASED ON PUBLICATIONb BY STRYER (.1981) AND LEHNINGER (1975)
250. ,REO DESIGNED BY CATHERINE LEECE
260 REM PROGRAMMED BY CATHERINE LEECE
270 REM( INTITIALIZE VARIABLES
280 V3$ = CHR$ (16): PRINT V3$
290 PRINT CHR$ (12)
1310 PRINT V3$
1320 VTAB 23: HTAB (6): PRINT "4* PRESS <ESC
> KEY TO STOP'
1330 VTAB 20: PRINT CHR$ (22)
1340 HPLOT 39,30 TO 39,105 TO 99,105 TO 99,30 TO 39,30: HPLOT 179,30 TO 1

79405 TO 238,105 TO 239,30 TO 179,30
1350 VTAB 8: HTAB (8): PRINT "LIGHT": HTAB (7): PRINT "REACTION": VTAB 8:

HTAB (29): PRINT "DARK": HTAB (27): PRINT "EACTION"
1360 VTAB 1: HTAB (8): PRINT "LIGHT

VTAB 16: HTAB C1): PRINT "11,000"
1370 FOR U = 1 TO 20
1380 GOSUB 2230: FOR S = 1 TO 2 .

1390 HpLOT 66,8 TO 66,29 TO 70,24: HPLOT ;:2,24 TO 66,28
1400 GOSUB 2230
1410 VTAB 16: HTAB (1): PRINT "H1000"
1420 VTAB 16: HTAB (5): SPEED= 150: PRIN1- "lJBO 218 0+ 2H+ + 1C00100'
1430 GOSUB 2230
1440 VTAB 16: HTAB (1): eRINT "WOO"
1450 HCOLOR= 0: HPLOT 66,8 TO 66,29 TO 70,241 HPLOT 62,24 TO 66,29: HCOLOR=

3
1460 SPEED= 255: VTAB 15: HTAB (9): PRINT "1D0": H+AB (8): PRINT " GOSUB

2260: VTAB 15: HTAB (9): PRINT " ": VTAB 13: HTA8 (8): PRINT "100"
1470 GOSUB 2250: VTAB 13: HTAB (9): PRINT " 0

1480 GOSUB 2230: VTAB 16: HTAB (9): PRINT " ": VTAB 15: HTAB (9): PRINT "

DO": GOSUB 2260: VTAB 15: HTAB (9): PRINT " ": VTAB 13: HTAB (9): PRINT "
18011: GOSUB 2250: VTAB 13: HTAB (9): PRINT " ",

1490 IF PEEK ( - 16384) = 155 THEN 1900
1500 GOSUB 2230: VTAB 15: HTAB (13): PRINT "H+": HTAB (13): PRINT " ": GOSUB

2260: VTAB 15: HTAB (13): PRINT " ": VTAB 13: HTAB (13): PRINT "H+":
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60SUB 2250: VTAB 13: HTAB (13): PRINT,0
1510 60SUB 2230: VTAB 16: HTAB (14):.PRINT " ": VTAB 15: HTAB (13): PRINT

"W": GOSUB 2260: VTAB 15: HTAB (13): PRINT " "- VTAB 13: HTAB (13):

PRINT "H+": GOSUB 2250: UTAB 13: HTAB (13): PRINT

1520 GOSUB 22301 IF PEEK C - 1684) = 155 THEN 1900
1530 NEXT S
1540 VTAB 16: HTA (5): PRINT "
1550 VTAB 6: HTAB (26): PRINT. ">": HPLOT 100,43 TO 181,43

1560 'FOR Q = 1 TO
1570 VTAB 5: HTAB <16): PRINT "P": GOSUB 2260: VTAB 5: HTAe (16): PRINT "

TP
": GOSUB 2260: VTAB 5\1 HTAB (16): MIN; ."ATP
": GOSUB 2260
1580 FOR S = 16 TO 22: VT4605: HTAB (S): PRINT " ATP

": 60SUB 2260: NEXT : VTAB 5: HTAB (23): PRINT " AT

": GOSUB 2260: VTAB 5: HTAB (24): PRINT " A": GOSUB 2260: VTAB 5: HTAB (25

): PRINT " "

1590 IF PEEK ( - 16384) = 155 THEN 1900
1600 ilEXT Q: VTAB 11: HTAB (26): PRINT ">": HPLOT 100,83 TO 181,83

1610 FOR(T,= 1 TO 2: VTAB 10: HTAB (16): PRINT "H": GOSUB 2260: VTAB 410: HTAB

(16): "PEPT "PH
": GOSUB 2260 VTAB 10: HTAB (16): PRINT "DPH

": 60SUB 2260: VTAB 10: HTAB (16): PRINT "PON
": GOS.UB 2260: VTAB 10: HTAB (16): PRINT "NADPH

1620 GOSUB 2260
1630 FoOR S = 16 TO 20: VTAB 10: HTAB (S): PRINT " NADPH

": 608U8 ..260: NEXT : VTAB 1: HTAB (21): PRINT " NADP
": GOSUB 2260: VTAB 10: HTAB (2): PRINT ' NAD
": 60SUB 260: VTAB 10: HTAB (23): PRINT " NA

1640 GOSUB 22: VTAB 10: HTAB (24): PRINT
1650 608U8 2260: VTAB 10: HTAS (25): PRINT " ": GOSUB 2260: IF PEEK ( -

16384) = 155 THEN 1900
1660 NEXT T
1670 HCOLOR= 0: HPLOT 100,43 TOy4$1,43: HTAB (26): VTAB 6: PRINT " ":.HPLOT

100,83 TO 181,83: HCOLOR= 3: HTAB (26): VTAB 11: PRINT " ": HPLOT 179

,30 TO 179,105
1680 GOSUB 2230
1690 HPLOT 242,0 TO 221,29: HPLOT 170,0 TO 192,29: FOR S = 1 TO 4t HTAB (

29): VTAB (S): PRINT "COMO": IF S = 1 THEN 60SUB 2230: GOT0,1710

1700 GOSUB 2260
1710 HTAB (29): VTAB (S): PRINT " ": NEXT : HPLOT 179,30 TO 239,30

1720 HCOLOR= 0: HPLOT 242,0 TO 221,29: HPLOT 170,0 TO 192,29: HCOLOR= 3*

1730 GOSUB 2230: VTAB 6: HTAB (15): PRINT "<": HPLOT 97,43 TO 17,43

1740 FOR 0 = 1 TO 3: VTAB 5: HTAB (25): PRINT "A": 60SUB 2260: VTAB 5: HTAB

(24): PRUIT "AD": GOSUB 2260: VTAB 5: HTAB (23): PRINT "ADP

": GOSUB 2260
1750 FOR S = 22 TO 16 STEP - 1: VTAB 5: HTAB (S): PRINT "ADP

": 60SUB 2260:-NEXT : VTAB 5: HTAB (16): PRINT "DP
": GOSUB 2260: VTAB 5: HTAB (16): PRINT "P ": 60SUB 2260: VTAB 5: HTAB (1
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6): PRINT " "

1760 IF PEEK ( - 16384) = 155 THEN 1900
1770 NEXT 0: GOSUB 2230
1780 HTAB (15): VTAB 11: PRINT "<": HPLOT 97,83 TO 178,83
1796 FOR 0 = 1 TO 2
1800 VTAB 10: HTAB .25): PRINT "N
": GOSUB 2260: VTAB 10: HTAB (24): PRINT "NA'
": GOSUB 2260: VTAB 10: HTAB (23): PRINT "NAD

7-)": 60SUB 2260: .0A8 0: HTAB (22): PRINT "NADP
60SUB 2260: VTAB HTAB (21): PRINT "NADP

+": 60SUB 2260
18.10 FOR S = 20 TO 16 STEP -.1.: VTAB 10: HTAB (S):'PRINT "NADP
+ ": 60SUB 2260:.NEXT : VTAB 10: HTAB (16): PRINT "ADP .

+ ": GOSUB 2260: VTAB 10: HTAt (16): PRIyT "DP
+ ": 60SUt 2260: VTAB 10: HTAB (16): PRINT "P+ ": GOSUB 2260: VTAB 10: HTA8

(16): PRINT "+ "

1830 GOSUB 2260rf IF PE ( - 16384) = 155 THEN 1900
1820 GOSUB 2260: VTAB HTAB (16): PRINT

1840 NEXT O
1850 HCOLOR= 0: HPLOi 97,43 TO 178,43: HPLOT 97,83 TO 178,83: HCOLOR= 3: VTAB

HTAB (15): PRINT " ": VTAB 11: HTAB (15): PRINT " ": HPLOT 99030 TO
99,105 .

1860 .HPLOT 208,106 TO 208,125 TO-212,120: HPLOT 208,125 TO 204;120: VTAB
1?: HTAB (27); PRINT "SUGAR OR": HTAB (28): PRINT "STARCH": -0SUB 222
0

1865 GOSUB 2220
1870 HCOLOR= 0: HPLOT 208,106 TO 208,125 TO 212,120: HPLOT 208,125 TO 204

,120: HCOLOR= 3: VTAB 17CHTAB (27): PRINT " ": HTAB (28): PRINT
": GOSUB 2230

1880 IF PEEK ( - 16384) = 155 THEN 1900
1890 NEXT U
4900 POKE - 16368,0: VTAB 1: HTAB (8): PRINT "LIGHT
II

1 -

1905 VTAB 22: PRINT CHR$ (6): ()TAB 23: INPUT "PRESS <RETURN
> FOR THE PROGRAM MENU";A$: PRINT. CHR$ (25);V3$
1910 REM MENU
1915 PRINT "YOU NAVE REACHED THE END OF THIS PROGRAMON PHOTOPNOSPHORYLATI

ON.
1920 PRINT : PRINT "WOULD YOU LIKE TO": PRINT : PRINT " 1) REVIEW THE C

YCLIC PATHWAY": PRINT : PRINT " 2) REVIEW THE NON-CYCLIC PATHNAY": PRINT

1930 PRINT " 3) REVIEW THE SIMULATION OF THE PHOTOPHOSPHORYL
ATION PATHWAY": PRINT : PRINT " 4) REVIEN THE SIMULATION OF PHOTO-

SYNTHESIS": PRINT : PRINT "OR 5) EXIT FROM THE PROGRAM
1940 PRINT : PRINT "(8E SURE TO REVIEW ANY SECTION YOU DID NOT ODERSTAN

D!)": PRINT : INPUT A$
1950 IF VAL (As) = 2 THEN PRINT V3$: PRINT "PLEASE BE PATIENT WHILE THE

PROGRAM IS LOADING...": PRINT CHR$ (4);"RUN PHOTOPHOS 2": END
1960 IF VAL (P$) = 4 THEN 280
1970 IF NL,(4) = 3 THEN 'PRINT V3$: PRINT "PLEASE BE PATIENT WHILE THE

PROGRAM IS LOADING...": PRINT CHR$ (4);"RUN PHOTOPHOS 4": END
1975 IF VNL (A$) = 1 THEN PRINT V3$: PRINT "PLEASE BE PATIENT WHILE THE
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PROGRAM IS LOADING...": PRINT CHR$ (4);"RUN PHOTOPHOS 3": ENO.:

1980 IF VAL (A$) < i 5 THEN PRINT : INPUT "PLEASE RE-ENTER-"A$: GOTO

1950
1930 PRINT 0$: PRINT "THANK YOU F R RUNNING THIS PROGRAM. HOPE IT HE

LPEO YOUI": ENO
2200 REM PAUSE z, PRESS RETURN SUBROUTINES
2210 UTAB 24: INPUT "PRESS <RETURN

> TO CONTINUE";A$: PRINT 113$: RETURN

2220 FOR PA = 1 TO 1200: NEXT : RETURN
2230 FOR PA = 1 TO 400: NEXT : RETURN
40 FOR TA = 1 TO 180: NEXT : RETURN
50 FOR PA'= 1 TO 300: NEXT3: RETURN

2260 FOR PA = 1 TO 100: NEXT : RETURN
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Appendix C
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Pho,pophosphorylation

User's.Guide
/

1 0

The User's Guide presents background information, .

aliplications, suggested exercises and documentation for the
photophosphorylition provam.
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Abdtract

This program presents p.n introduction to the light
reactions of photosynthesis, photophosphorylation.. After ar0-
introduction, the complete pathway is presented-to provide

P an overviem and foundation from which to progress. The
pathway is then broken into its cyclic and non-cyclic
components, and each is discussed step by step at the
molecular'level. The program leads the user along the
pathways taken by an electron which has become excited by
light energy. The program also stresses the importance of
the products of the light reactions to the dark reactions
of photosynthesis. Several questions-are presented
throughout the program to test the user's Understanding of
the concept's and.to create an interactive program.

Prerequisite: Basic understanding of molecules and atoms.
4

Ob3ectives: The user will-be able'to:

Distinguish between cYclic and non-cyclic photophos-
phorylation and explain the conditions necessary fo'r each
to occur.

Explain the basic diffeeence between an ele'ctron donor
and electron acceptor at the molecular level.

Explain the roles played by light and pigments in
photophosphoryla.tion.

Background Information

Photosynthesis is the conversion of light energy to
chemical energy within a plant. The reactins involved take
place in two stages, the light and dark reactions. The
light reactions depend on photosynthetic pigments to
convert light'energy to ATP and NADPH. These products,are
then used in the daq reactions to convert ciarbon dioxide
tecarbohydrates. The dark reactions can ocelr n either
light or dark conditions because they do not rely on

4 pigments. However the light reactions, also trmed
photophosphorylation, depend on pigments to absorb light,
thus initiating thereactions involved.

The photosynthetic cells of a plant, such as leaf
cells, contain organelles called chloroplast(id)s. A
chloroplast is surrounded by a single membrane; an inner
membrane is folded to form many flattened vesicles called
thykaloid disks. These disks occur in stacks called grans
on which' the light reactions of photosynthesis occur; the
grana contain all of the pigments and enzymes necessary for
the reactions. The dark reactions occur in the stroma or
liquid phase of the chloroplast. Most chloroplasts contain

C2
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the, pigmat chlorophyll, as well as th'e twp cl*sses of
a essoey pigments, carotenoids and phycdb lins (Lehninger,
./ 75). All oxygen producing photosynthetic lls of higher
plants contain two types of chlAophyll,.chlorophyll_a and
chlorophyll b, c or d depending on the type of plant.

A pigment is a 6o1ecule which can absorb light because
of its molecular structure, particularly the arrangement of
electrons associated with the double bonds. When light
dtrikes a pigment molecule capable of abscirbing light of a
given wavelength, ligh6 energy is absorbed by some of the
electrons wliich are boosted to a higher- energy level; the
molecule thus be...comes excited (Lehninger, 1975).

In 1937 Hill'proyided the first experimental
evidence that the absorption .of tight energy causes
electron flow (Lehninger, 1975). When he exposed a solution
of cell-free preparations obtained from.photosynthetic
organisms.(intact chloroplasts), water, and an electron
acceptor to light, he foun& that oxygen was produced and
the acCeptor molecules were reduced.. Light energy caused
certain chlorophyll molecules to\become excited and lose an
electron to an acceptor molecule; then water split to lose
an electron to chlorophyll to fill the "electron hole,"
simultaneously releasing oxygen. This discovery (called the
Hill Reaction) formed the baels of the photophosphorylation.
pathway, and gradually each of the electron donors and
acceptors was discrered to yield the pathway we know
today:

Applications

This program is best suited for an introductoey
-A

Rollege level general biology or botany class. It may also
be useful review for a basic biochemistry or plant
phySiology course. Due to the large amount of material
presented in'the program, it is suggested.that the user
should be exposed to the subject prior to running the
program. That is, either through a lecture introducing the
topic or through an introductory text such as Biology of
Plants by Raven, Evert and Curtis (1976). For the more
advanced user, Lehninger's Short Course in BiochemistFy or

' Bidwell's Plant Physiology would suffice. If a more
advanced look at photophosphorylation is desired, after
running the program, Stryer's Biochemistry (1981) providps
an up to date, detailed coverage of the topic. A laboratory
eisercise dealing with the Hill Reaction is presented in the
AiSpendix; it is suggested that such an exercise be used as
a supplement to this program in a laboratory situation.
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Suggested Exercises

1. Explain why the two phases of photophosphorylation are
termed cyclic and non-cyclic. What makes them differeht?
What are their products? What conditions are necessary foi-
the cyclic pathway to operate?

2. Explain the difference between Pigment Systems I and II.
Where do they-rit into_the light reactions?

3. Explain how light is related to the release of oxygen
from a plant at the molecular level.

The P gi;g:ft

Thi6\prkgram operates in a special graphics mode
calleagr.H gh Resolution Character Generator (HRCG). This
allows e HGR screen to operate as both a graphlcs and a
text screen. Since pressing the RESET key interferes with
the proper functioning of this mode, it is suggested that ,

the user press the CTRL and C keys simultaneously if (s)he
wishes to break the program. For more information about
HRCG refer to the_Applesoft Tool-Kit Manual (Apple Computer
Co., 1980).
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LINE NUMBERS FUNCTION

In all subprograms:
100-140 RESET error message
200-260 Remarks

Subprogram: PHOTOPHOS 1

270-290 Iriitialize variables
300-550 Main program (IAtroduction)
560-1170 Photosynthesis siMulation subroutine
1180-1240 PgUse subroutines

Subprogram,: PHOTOPH6S 1.5

270-320 Initialitiles
400-1200 Main progtvanr (Non-cy lic pathway)
1210-1270 Menu
1280-1540 Subroutine Aich dra s basic pathway
1440-1840 Subroutine which simulates cyclic pathway
1850-1900 Pause subroutines

Subprogram: PHOTOPHOS 2

270-320 Initialize liariables
400-1650 Main program (Non-cyclic pathway)
1660-1730 Menu
1740-1950 Subroutine which draws basic pathway
1960-2010 Pause subrOutines

Subprogram: PHOTOPHOS 3-

270-320 Initialize variables
400-1990 Main program (Cyclic pathway)

990-1240 Quiz questions
1250-1450 Summary

2000-2190 Subroutine which draws basic pathway
2210-2260 Pause subroutines,

.Subprogram: PHOTOPHOS 4

400-1920 Mainfflprogram (Simulation of entire pathway)
1930-1980 Pause subroutines
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LINE NUMBERS FUNCTION

Subprogram: PHOTOPHOS 5

270-290 Initialize variables
1310-1950 Main program (Simulation of photosynttigans)
1910,1990 Menu
2200-2260'Pause subroutines

c6



4,

Glossary for Photophosphorylation Subpeograms

A$ Holds input from kayboard
B$ Holds vrow shape
CUE Flag uhed in printing pathways
E$ Holds 'arrow shape
F$ Holds arrow shape
FLAG Flag for counting wrong answers
H' Htab counter ..

PA(U6E) Pause looRi.counter
Loop counter

R Loop counter
S Loop counter
SC HOlds raw score out of 5 quiZ questions
SC( HOlds percentile score for quiz
T Loop counter (
U Loop counter

Vtab counter
V3$: CHR$(16) = Clears sdreen and homes cursor*

.

,

.0'4"» -------,

*Function of HRCG (see Apple Computer Co., 1980)
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Appendix

'Laboratory Exercise: The Hill Reaction
'

,U'o'be used in conjunction with the PhotoPhoSphOrylation \

program.

Note: .It is'important tp keep the temperatureplow; after
the chloroplasts have been isolated, be'certaitc*at all
test tube samples are kept immersed in bath.

..-

-Remove the'midribs from the spinach leaves prOvided; weigh
but 5og of leaves and hdriiogenize them with 50m1 isolation
medium (0.414 sucrose in 9.06M potasium phosphate butfen,pH
6.5).in a blender for geinutes. Ftl.er the green

,

' suspension through sever&I'layers of cheesecloth and thena
'4. centrifuge the supernatant for 2 minutes at 600g. Remove

4
the supernatant'and centrlicuge it for 10 Minutes at 100g.
Wash the precipitate (chroroolasts) by resuspending in a
small volume of the isolation medium and centrifuge.again
under the same conditions. Finally, suspend the pellet in
20m1 of the cold reaction medium (0.03M potassium phosphate
buffer, pH 6.5, with 0.01Mipotassium chloride) by gently .

agitating with a ,glass stirring rod.
.

Dilute the original chloroplast suspension (with reaction
medium) to give a chlorophyll concentration of 5mg/ml.
Using 3 cuvettes, add lml of the chloroplast suspension to
each tu1.1, followed by 3m1 of DPIP solution. Immediately
weap 1 tibe in .aluminum foil and place in a dark -

_rsfxlgerator. Add several trystals of sodium dithionite to
-the seffond tubeanduseIt-to set-10-0-%-iransmission in a
spectrophotometer. Next, insert the'third tube and read the
optical density (OD), note the time, and record OD and
time. Place this tube in front of a light bulb (about 20cm)
and record its OD every 5 jzinutes for 30 minutes. After 30
minutes read the OD of the tube kept in the dark and the
tube to which sodium,dithionite was added. Plot OD vs. time
for the tube expose that had been exposed to light.

What,does the tube to Which sodium dithionite was
added represent?
What does the tube in the'dark represent?
How can the results be explained in terms of the Hill
Reaction?
Explain the rale ofjITIP in the experiment.

(Source: Dr. J. Carrier, Albion College, Albion, MI, 1980)
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Appendix D

Photophosphorylatidh Written Version

The following is the written material which was presented
to the control group in the Photophosphorylation

, evaluation.

DI,



PHOTOPHOSPHORYLOTION

Instructions

A A A
th d'

Read through this-module as you would a textbook
chapter. When you are instructed to refer to specific pages
or figures,,you should re urn to where you left off when
you finish examining the reference. Note that terms
normally containing super cri t and/or subscript noation
have been Written here w tho t such notation (example: H+).

D2

1 34



Introdudtion

Photosynthesis is the conversion of light energy to

chemical energy within a plant. The reactions involved take .

place in two stages.

Light Reactions

Basically, in the first 'stage, light energy is used to

convert ADP to ATP to provide the plant with usable energy.
Also, NADP+ is converted to NADPH to provide the hydrogen
and electrons needed to reduce carbon dioxide to
carbohydrates. These reacitions require light, thus they are
called the LIGHT REACTION'S of photosynthesis or
PHOTOPHOSPHORYLATION. 446

Dark Reactions

In the second stige, the energy products of the light
reactions tre used to convert carbon dioxide to

carbohydrates. The reactions of the secdnd stage dcynot
require light, thus they are called the DARK REACTIONS of
photosynthbsis; they actually take place' under light AND

dark conditions;

LIIHT

Li§ht
Rea ct i on

ATP

ADP

NADPH

NADP+

\CO2

Dark
Reaction

1120 + 1/2 02 + 217 sugar or
starch

Figure 1. Summary diagram of photosynthesis.

Figure 1 is a diagram of photosynthetic products being
formed and used. Keep in mind .., even though products
appear to form one at a time in this diagram, these and
other reactions occur simultaneously in the plant cell.

D3
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Chloroplasts

Photosynthesis takes place 'in highly specialized
organelles, the chloroplasts or chloroplastids.
Chloroplasts are found in all higher plants, bryophytes and
most algae. Chloroplasts exist in the cytoplasm of
photosynthetic cells, such as'leaf cells. The dark and
light reactions occur in all chloroplasts,!but each occur
i\a different location inside the organelle.

/-
Chlorophyll

The pigment chlorophyll is found in chloroplasts. It

exists in Many forms which differ in their structure and

the wavelength of light they absorb. The leaves of many
plants are green because they contain high amounts of

chlorophyll relative to other pigments. Chlorophyll absorbs
violet, blue and red net and reflects, or transmits,

green light.

Pigment Systems

Chlorophyll and other pigments involved in the light
reactions of photosynthesis make up two pi!tment systems.
These systems are called Pigment System I and Pigment
System II. Their function is to absorb light that strikes
the leaf and convert the light to chemical energy.

Let's go on and look at a diagram of photo-
phosphorylation. Don't expect to understand it just yet.

This is just to give you a feeling for the pathway as a

whole Then we will break it down into parts to examine
,,chat's happening at the molecular level.

High

Z''..-"'"2Ferredoxin (4NROPH

\-NA0P+

E -
k ADP

TP

A-

R cyt

(P5 1) -------OGN71,,

G
cyt

ff

Y - V/ _ ATP ADP

\

.....
.....

,ow 1-p-4 2e- 'hoz. + 21-1+ P 680

( P.51/)

Figure 2. Summary diagram of photophosphorylation

When you are through-looking at Figure 2 for now, go on to

the next page.
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Now hat you have seen the whole pathway, let's break

it down ahd-examine the parts. We will start by looking at fr

the two pigment systems involved An photophosphorylAtion,
Pigment System I and Pigment Sntem

2-""--)Ferredo'xin
/WON'

-----NAOP

k

Y -

ItP7oo-s-

Low

t'
Arp ADP

-- LIGHT

Figure 3. Summary diagram of non-cyclic photophos-

-/ phorylation

<Aoughout the following.description., refer to Figure 3

. -

C1 This diagram (F1g.3) xepresents 'part of the
photophosphorylation pathway. The tomponents of this

pathway'were determined through experimentation with

chloroplasts.

The reactive chlorophyll- molecule in Pigment System I

---'(PS I) is called P700.'The reactive chlo-rowhyll'tholecule in

Pigment.System II (PS II) is.called y680. When the

appr9prial color of light strikes_PS I or PS II, an

electron i the reactive molectile "(P700 or P680) is raised,

to an excited state,. This means that the reactive molecull

is raised above its ground state to a higher energy level.

This activates the electron'so 4t may be passed to an

acceptor molecule.
Oa

As we look at each electron acceptor, keep in mind

that a mole9,uie will not actept an electron unlest it is

already lacking an electron.

When light strikes P.680 (PS II); it dohates an

electron to the acceptor molecule,"Q.0 P680+ then returns

to a lower energy level. The sign,indicates that the

molecule is missing an Nlectron, thus it.is,positively

&charged.
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P680 ihen draws an electron away from a molecule of
water. This causes the water molecule to split, thue oxygen
is released from the plant. .Once P680 accepts the electron
it needs, it returns to its ground state.and remains at
this qnergy level until it picks up more light waves of the
appropriate wavelength.

M anwhile the excibed electron is passed ,by "Q," a.
molec le of plastoquinone, to a series of cytdchromes arid
other electron carriers which act .as electron acceptors and
donors..As the electron isassed it loses some o1ItS7
energy to each ele-tron car,ier: This energy drives the
spontaneous "downward movement" of electrons. Even.though
the electron loses energy as it passes through the
cytochrome chair, it is st 11.at a raised energy level,
relative to its initial ene gy level, when it is finally
accepted by P7b0.

As the electron is pass d along the series of
cytochromes, the energy needeo to join ADP and inorganic
phosphate is trapped. Thus a. molecule of ATP is formed.

If you would like a definition of ATP, briefly turn.to page
10.

It is because 9f this lfght activated phosphorylation
of ADP to_form ATP, that the light reactions of
photosynthesis Were named "photo phosphorylation."

Remember.that ATP and ADP molecUles moye to and from
the pathway. Tt dark reactions, which Occur elsewhere in
the.chloroplast, use ATP and produce ADP.

What causes P700 to be boosted to a higher energy level?
<Briefly turn to, page 10 (F) to check your answer>

What must be missing from a P700 molecule, at the molecular
level, before it can accept an electron from a cytochrOme
molecule?
<Briefly turn to page 10 (A) to chebk your answer>

When light strikes PS I, P700 donates its electron to
acceptor molecule "Z." It theh returns to a lower energy
level, but does not return to its ground state until it
accepts another electron.. The molecule Z passes the
electron down an energy gradient to ferredoxin, an iron
'protein. If there is sufficient 11ADP+ to accept t e
e1ectrons-fr9m ferredoxin, then ferredoxin donat,s its
electrOneto NADp+. For.every two electrons donated, ohe
molecule of NADPH is formed.

If you would like a definition of NADP, briefly turn to
page 10.
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From what molecule involved in this pathway do you"think
the second electron comes?
<Briefly turn to page 10 (E) to check your answer>

..

Since ferredoxin is only a one-electron carrier, two

molecules of it are needed, one for each electron. These
electrons then converge to form one molecule of NADPH from

NADP+.

A hydrogen ion is also needed to form NADPH from NADP+. Of
the molecules we hale discussed so far, which do you think
supplies the hydrogen ion? .

<Briefly turn to page 10 (C) to check your answer>
..

After a molecule of NADPH forms, it "moves from the
,pathway" to be used in the dark reactions els where in the

qmpohloroplast. The dark reactions produce'the'N DP+ which
gets used inethe light reactions. When two mo ecules of
ferredoxin again have one electron each to don te, they
will pass them to NADP+ if it is available.

The pathway that we'just traced through (Fig.3),

ending with the fOrmation of NADPH, is called NON-CYCLIC
photophosphorylation. It is called "non-cyclic" because
electrons essentially flow from water to NADP+ without
cycling back to P700. (I

At this point you may:
1) review this section on non-cyclic

photophosphorylation P.3

2) go on and learn about cyclic
photophosphorylation ....4 . p.6

Turn to the page number which corresponds with your chofce.
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High

z...***>Ferreclox in

gDP

6" ATP

cyt

Y

P 700+
(PS 1)

Lou

Figure 4 Summary of cyclic photophosphorylation.

<Throughout the following description refer to Figure 4.>

This pathway (Fig.4) represents what biologists
believe to be"CYCLIC photophosphorylation: Notice that it
contains portions of the non-cyclic pathway (from Fig.3).
Biologists believe the plant utilizes this pathway when
NADP+ is not available to accept,electrons from Perredoxin.

NADP+ is not shown in Figure 4 6ecause we would like
to discuss what happens when it is not available to the
photophosphorylation reactions.

.
Let's assume that an electron has been boosted to a

higher energy level by light, and passed from water44ttlo
ferredoxin via non-cyclic photoph6sphorylation. This means
that ferredoxin needs to donate the excited eq.eqtron to an
acceptor so it can become a stable molecule.

When NADP+ is unavailable, the electron is donated to
a chain of various cytochrome molecules. As in the
non-cyclic pathway, the electron loses some of its energy
to each cytochrome, and some of its energy is trapped to
form a molecule of"ATP. The formation of ATP in the cyclic
pathway keeps ATP supplied to the cell in the absence of ,

non-cyclic photophosphorylation. If there is a surplus of
ATP it can be used for other synthetic processer; in
addition to the dark reactions.
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Unlike the formation of NADPH, only one molecule of
fprredoxin is needed to donate an electron back through the

e-y-tre-e-h-r-emez-c-hain to P700. BQcause we ara assuming P700

donated its electron to ferredoxin it follows that it has a

need for an ,electron. Th*refore it accepts the one passed
"dawn" through the cytochrome chain.

-

Once P700 has accepted this electron, is it in its ground

state? <Briefly turn to page 10 (13) to chetk your answer>

Is PS II (P680) involved-in cyClic photophosphorylation?
<Briefly turn to page 10 I:)) to-check your answer>

.

As long as 1) NADP+ molecules are unavailable and 2)

light of tile appropriate wavelength is present, the excited

electron will continue to cycle.

This ends the explanation of cyclic photophos-
phorylation. Next you will be presented with 5 questions.
Each question may deal with the cyclic pathway, non-cyclic
pathway, or bath. When you are through examining Piture 4,

turn the page for the first question.

You'may skip'the upcoming questions if you have already
answered them once (i.e. if this will be a review for you).

D9
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.1 -
1) cyclic 2) non-cyclic 3) both 1 & 2

i

.,

es-t-i-e-rr--byente-r-ingthe_numhe...r 1, 2 or 3,

0

dePending on which choice correctly ananers each question
below. Decide on your answer for each questioa and turn to
the appropriate page to check your answer and receive an

.4

explanation.

- Which pathway. produces net ATP?
<see page 11 (H)>

- Which pathway involves PS II?
<see page 10 (G)>

_

- Which pathway produces oxygen?
<see page 1I (K)>

_

- Which pathway takes place only in the light?

<see page 11 (J)>

- P700 is the reactive chlorbphyll molecule of which

pathway?, .

I

<see page" 11 (I)>

Keep these questions in mind when you review the diagram of

the entire photophosphorylation pathway (Fig.1) after
reading the summary on the next page.

4. \

D1.0



The outstanding fea ures of cyclic and non-cyclic
photophosphorylati n are summarized below:

NUN -GY(,LIC

9

1) involves PS I and PS II
2) oduces ATP'and NADPH
3) cak es wate to split and release-oxygen

CYCLIC
1) involves PS I only
2) produces ATP, but not NADPH
3) doces not involve water, therefore oxYgen is not

produced

Well, that sums up photophosphorylation. At this point you
Figu eumm ary_cli a g rn._ of the entire

photophosphorylation pathway. Hopefully'it will make more
sense this time. You should also review Figure 1, the 4
summary diagram of photosynthesis. Reviewing these two
diagrams should help you pull together all of the
information presented in this module. Also, be sure to
review any section'you do not understand.

Remember, mahy of the reactions in the above pathways,
occur simultaneousl:; in the'chloroplasts of esch
photosynthetic plant cell.
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Appendix A

Definitidn of ATP:
ATP functions as the major c-airri-e-r-b-f---cilemical-enerry-In

the cells of all living organisms. As it transfers energy
to other molecules it.loses its terminal phosphate group
and becomes ADP. ADP can accept chemical energy by gaining

a phosphate group, thus it becomes ATP. In the case of
plants, NIT forms at the expense of solar energy.

Definition of NADP:
NADP is an organic inolecule that carries electrons from
electron donors to electron acceptor9. In this case, NADP

accepts electrons.from ferredoxin-and carries them to the
part of the chloroplast where the,dark reactions_occur. The
electrons are then donated to available electron acceptors

in the dark reactions.

(A) The answer is electron. A molecule cannot accept an
electron unless it is first missing an electron.

(B) The answer Is yes Once P700 acdepts the electron which
was passed through the cytochrome chain, it has fulfilled
its need ft.!, an electron. Thus it returns to its ground

state energy level.

(C) The answer is water. There may be other sources of

hydrogen ions in the chloroplast, but water splits and
-Adonates the hydrogens to NADP+ when light is present.

(D) 'The answer is no. The electron which fills the
"electron hole" in P700 (PS I) is constantly recycled, thus
the reactive molecule in PS II (P680) is not n4eded^to
donate an electron. P680 will still be activated when light
strikes PS II, but it will not be able to pass its excited
electron very far along the non-cyclic pathway when the
plant is -Filizing the cyclic pathway.

(8T-T1T67-best answer is water. The second electron domes

from P680, which originally accepted it from water. It
follows the same pathway that the first electron did
because a molecule of NADP+ is available,to accept it.

(F) The answer is light (energy). The color of light
appropriate for PS I strikes a reactive molecule of P700.
Thus an electron is excited, causing P700 to be raised to a
higher energy level. If the light source is turned off, the
entire pathway "shuts down" at the reactive chlorophyll
molecules. That is, no electronscan be passed from these

molecules in the dark.

(G) The answer is 2 (non-cyclic). The non-cyclic pathway is
the one,wpich involves PS II as well as PS I. The cyclic
pathway only involves PS Ir.
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(H) The answer is 3 (both cyclic and non-cyclic). Both the

cyclic and non-cyClic pathways produc . This results in

of photosynthesis or in other synthetic pathways when in -

surplus.

(I) The answer is 3 (both cyclic and non-cyclic). P700 is
the reactive molecule in PS I, and PS I is involved in both
pathways. Also, do not forget that thR reactive molecule in
each tigment system does not make'df) tlEe entire pigment
syst, A. There are other pigments involved also.

(J) The answer is 3 (both cyclic and non-cyclic). The
entire process of photophosphorylation requires light. '

Therefore both pathways require liggt. Remember how the
-------pathway_got its name.

(K) The answer is 2 (non-cyclic). Since the non-cycl1c
pathway is the one which involves water, it is the one that

produces oxygerrwhen a water molecule splits.
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' Appendix E

Photopilosphorylation Study Guide

The study guide Is a copy of the instructions and
objectives given to all studehts participating in the

Photophosphorylation evaluation. Occurring in parentheses
after each objective, for the purposes of this report, are
the item numbers of the items on the Photophosphorylation

Test which fit each of the objectives.

Er



--Tod-a-y-you-w-i-I-1---1oo4c at -a-medu-le-entit-1-ed-P

phorylation. You will either run the computer program
version or read a written version as specified by your
instructor. The written version is a printed copy of the
text and diagrams presented in the computer program.

Below is a list of learning objectives (things you should
learn from the module),. These are listed in the order in
which they occur in the module to help guide you. You will
take a.written 20 question multipke choice quiz immediately
after you kook at the module. The quiz questions are all
taken from (based on) the below objecuives. IF YOU MEET THE
BELOW OWECTINES WHILE USING THE MODULE, YOU WILL DO WELL

ON THE POST-QUIZ.

IMPORTANT: This quiz score may replace your lowest quiz

la grade in recitation! There will be one question pertaining
to this module on your recitation quiz next week. There
Will also be questions about photophosphorylation on your
final.exath.in,lecture.

Objectives:

-ComprehenU why the light reactions of photosynthesis
require light and the dark reactions of photosynthesis do

not. (5,8)
-Identify the products supplied to the dark reactions of

photosynthesis by the light reactions of photosynthesis
and vice versa. (1,17)

-Recall where, in the cell, the light and dark reactions of
photosynthesis occur. (18)

-Explain why Pigment System I and Pigment System II are
activated by different wavelengths of light. (2)

-Distinguish between an electron acceptor and an electron

donor. (3)
-Explain the relationship between ground state energy level

-of a molecule and its excited energy state. (9)

-Explain Ow light is related to the release of oxygen from

a plant. X6)
-Identify the contributions made by water to

photosynthesis. (12,14)
-Recognize what conditions and/or molecular components are

necessary for a molecule of ATP or NADPH to form during
photophosphorylation. (7,20)

-ReCall the conditions necessary for cyclic
.photophosphorylation to occur. (8,15,16)

-Predict where.an electron will go in the
photophosphorylation p&thway, given its location in the

pathway. (10,19)
-Distinguish between cyclic and non-cyclic

photophosphorylation based on the components and outputs

of each. (4,10,11,13)
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Appendix F.

Photophosphorylation Quiz

The following is the test administered to students
immediately after they completed the Photophosphorylation
module, as part of its evaluation. Correct answers are

indicated with an asterisk for the purposes of this report.

Fl
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RECORD YOUR NAME AND STUDENT NUM3ER ON THE COMPUTER ANSWER
SHEET_ Choose the most npprnpriate answer for eAATI quest
and mark it on the answer sheet. Note that terms normally
containing subscript and/or superscript notation have been
written without such notation (examples: P6801 NADP+).
PLEASE DO NOT WRITE ON THIS QUIZ. .

1. Which of the following are produced by the light
reactions of photosynthesis (photophosphorylation) and used
in the dark reactions of phptosynthesis?

*A. ATP and NADPH
B. ADP and NADP+
C. ATP and NADP+
D. ADP and NADPH

2. Pigment SYstem I (PS I) and Pigment System II (PS II)
are activated by different wavelengths of light because
they have different

A. cytpchrome molecules.
*B. pigment molecules.
C. locations in the chloropIr
D. ground state energy levels.

3. Which of the following is in the proper molecular
condition to accept an electron?

*A. P68041
B. NADPH
C. OH-
D. '3700
E. more than one of the above is correct

4. Which of the following is true of cyclic photophos-
phorylation?

A. involves PS II (P680) only
B. ATP is not produced

*C. oxy6en is not produced
D. all bf the above are true

4.

5. The light reactions occur only when the plant is exposed
to light.

*A. true,
B. false

F2
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6. Oxygen is produced when

*A. P680 removes an electron from water.
B. P680 donates an electron to water.
C. NADP+ removes an electron from water,
D. NADP+ removes a H+ from water.

4

7. Which of the following is needed to form a molecule of

NADPH from NADP+?

*A. 2 electrons, 1 Hi-

B. 1 electrons, 1 H+

C. 1 electrons, 2 H+
D. 2 electrons, 2 H+

'\

8. When cyclic photophosphorylation is in use, it keeps
cycling the same electron through the pathway. Therefore
the cyclic pathway does NOT require light...to function.

A. true
*B. false
C. sometimes true, sometimes false

e-

9. Based on this portion of the photciphos-
phorylation pathway, which of the following
best describes the condition of P700? f

p700+
A. ground state energy level
B. excited energy state
*C. between excited and ground states
D. none of the above

10. Which of the following best describes what happens as

an electron is passed through a cytochrome chain in photo-
phosphorylation?

A. energy is lost by the electron
B. energy is trapped 'to form ATP
C. P700 returns to its ground state
D. none of the above, it depends on which cytochrome

chain one is referring to
*E. A, D, and C

F3
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11. Which of the.following is associated with the cyclic
pa w.y o pop

A. Q Cplastoquinone)
B. P680
C. NADP+
D. H+

*g>-.412P

12. Which of the following is DIRECTLY related tb wa),er in
the photophosphorylation pgthway?

A. ferredoxin
B. P700
*C NADP+
D. none of the above

13. Assume that plant cells were treated with a chemical
known to inhibit transfer of electrons by cytochromes. What
would you expect to occur?

A. only the cyclic pathway of photophoephorylation
would.be inhibited

B. only the non-cyclic pathway would be inhibited
C. neither cyclic or non-cyclic would be inhibited

.*D, both cyclic and non-cyclic would be inhibited

14. Based on the equation given in the module, how many
electrons (total) can one molecule of water contribute to
photophosphorylation?

A. 1
*B. 2
C. 3
D. Li

15. Where do electrons, obtained from water, end up during
the process of non-cyclic photophosphorylation?

A. oxygen
*B. NADPH
C. ATP
D. P700



16. Whore do the e.-14-ctroaa_af_Lerredoxin gici when NADP+ is

NOT available to serve as'an acceptor?

A. they remain attached to feredoxin
B. they combine with Hi- ions
C. -they combine with ATP to dlake ADP
*D. they return through the cytochromes to P700

17. Which of the following is NOT produced by the light

reactions of photosynthesis?

A. ATP
B. NADPH
C. oxygen
*D. sugar

18. Which of the following occurs in the chloroplasts of

plantO?

.
A. light reactions of photosynthesis
B. dark reactions of photosynthesis
*C. both light and dark reactions
D. neither, boll' photosynthetic pathways occUr outside

the chloroplast

19. Which of the following correctly describes the sequence
followed by electrons which leave P6R0 (PS II)?

A. cytochromes, Q (plastoquinone), P700

B. P700, Q, cytochromes
C. cytochromes, P700, Q
*D. 0, cytochromes, P700

20. How many times does a molecule of P680 (PS II) need to
be activated by light to produce one molecule of NADPH?

A. 0 (P680 is not involved in producing NADPH)
B. 1 time
*C. 2 times
D. 4 times

F5
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Appendix G

Photophosphorylation Lecture

The following is ihe lecture presented by the BL 104
instruttor 42 days prior to the Thotophosphorylation

evaluation. This pro-ides an idea of studerit background,
for those students participating in the evaluation.



Plants have many of the same energy needs as 'animals
--(synthesis of proteins, nudieTE-acias,

However they have the-advantage of being able to to produce
ATP energy from light by the process of photophos-
Ohorylation. This process occurs in plants in the
chloroplast; an organelle which contains chlorophyll
molecules arrayed on a membrane in clusters in order to
perform two kinds of photophoaphorylation. In each case the
chlorophyll is important in that:

A. It oan absorb light with the consequence that one
electron in the moleCule is activated to a higher energy
level.
B.\Unlike most molecules this \'al'ivated electron can be
for&ed into some acceptor molecule and thereby causes it to
be reduced (reverse of being oxidized). This reduced
.acceptdr,can then react in eithep of two ways:

1. To 'produce the reduced coenzyme NADPH2 (Nicotinamide
Adenine Dinucleotide Phosphate, a coenzyme similar to
NAD).

2. To pass its electron through a chain of rsactians
similar to the respiratory cytochrome electron trans-
port chain with the consequent production of ATP.

Both of these results, occur in the prbcess called non-
cyclic photophosphorylation.
C. Non-cyclic photophosphorylation - in this process
electron's are taken from water (with tqr result that oiygen
is formed), passed to the chlorophyll mpleculps, activated-
twice by'light to a high energy level, and after 6everal
transfers finally end up being used to reduce'NADP to
become NADH2. This process is called non-cyclic because
electrons start At water, and end up in the NADPR2
molecule. Note that the end result is almost the opposite
from 'that which happens in the respiratory cytochrome
electron transport. In respiration, we starttwith the
reduced coenzyme NADPH2, and electnons ana hydrogens are
passed down the energy gradient to oxygen to form water;
energy was produced as ATP. In non-cyclic photophos-
phorylation hydrogens and electrons are removed from the
oxygen of water'and pumped up the energy gradient by Alght
to produce the reduced coenzyme NADPH2.

photophosphorylation,is,believed to be a
relatively minor process whiah results in chlordphy.1.1
electrons being pumped up to a high level by light, passing
back through a chain of cytochrome to chlorophyll again
yielding ATP as a peoduct. The electrons cyele around, no
oxygen is formed, no NADgH2 is formed, only ATP.

Dr. H. Robert Krear, Ph.b.
Michigan Technological University
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Appendix H

BL 104 Class.Statistics

Following are the field of study,--6-ea-and academic year
statisticssummarized for individuals in each treatment

___g-roup of the Photophosphorylktion evaluation. Also
indicated are the number of people who Attended each lab
section for the evaluation. The lab sections were at the

following times:

Section 1 Thursday (1/21/82) 12pm - 3pm
2 Thursday 3pm - 6pm
3 Thursday 7pm - 10pm
4 Friday (1/22/82) 9am - 12pm
5 Friday 12pm - 3pm

H1



Groups

CM CL Wn WL
Field
Bio. Sci. 1 1 2 1

Forestry 10 8, .. 11 11

Computer Sci. 3 1 2 1

Engineering 5 9 5 - 10

Other 6 7* 5 3*

Academic Year
Freshman 18 16 18 17

Sophomore 6 4* 3 3
Junior 1 4 2 3

Senior 2 1 3
Post Graduate 1

.

Sex
,

.

Male 16 17* 16 20*
Female 9 9 9 6

Lab Section
1 4 6 5 4

2 5 5 4 6

3 4 5* 6 6*
4 6 5 4 5

5 6 5 6 .5

CM = computer/module first
CL = computer/lab work first
WM = written version/module first
WL = written version/lab work first

e

-

*Subtract 1 when considering ANOVA and related statistics,
to aceount for two students being randomly eliminated.
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Appendix I

Schedule of Lab Topics and SUMIT Programs Used in BL 104

The following schedule outlines the topics covered and the
SUMMIT programs available during the first%.six weeks of BL
104, winter quarter (beginning 11/30/81). CAI programs were

assigned as either manditory or optional each week.

/

II



t.

v)

.
Less9n Topic SUMIT CAI -. Lab Sections
(week) p.rograms 1 2 3 4 5

r
1 Cell structure Cell Structure M 0 0 M 0

2 Chemistry Enzyme Activity 0 M O. 0 M

3 Genetics Mitosis/Meiosis M Q 0 M 0

- - - Two Week Vacation - - -

4 Genetics 2 Monohybrid Cross 0 M 0 0 M

5 Animal Behavior Life Expectancy 0 0 0 0 0

. & Baffles (games)

6 Ecology/Soil Photophos. M M M 'M M

M = Mgiditory
0 = Optional
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